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PREFACE 


The  increased  complexity  of  aircraft,  growing  social  requirements  for  government  funds  and  high  rates  of  inflation 
have  strongly  focussed  attention  on  aircraft  systems  costs.  Any  well-engineered  system  includes  minimum  cost  as  a 
criterion  to  be  considered  along  with  performance  requirements.  It  has  always  been  recognized  that  this  cost  means 
overall  cost  to  the  user  including  fuel  and  maintenance  as  well  as  initial  cost.  Some  products  may  be  built  to  a  minimum 
first  cost  without  regard  to  later  costs  incurred  as  a  result  of  initial  cost  savings.  Presumably  if  this  is  overdone, the 
marketplace  will  shun  the  product  and  a  more  rational  balanced  design  will  win  out.  In  the  very  special  marketplace 
for  commercial  and  military  aircraft,  however,  long  product  life  and  the  small  number  of  actual  builders,  usually  one 
for  the  military  case,  leaves  the  user  of  a  poor  design  severely  penalized  for  a  long  period  of  time.  To  help  avoid  major 
errors  of  this  sort  attempts  have  been  made  to  formalize  logical  processes  for  optimizing  costs,  both  initially  and  over 
the  life  of  the  product.  The  former  has  been  called  Design  to  Cost  (DTC)  and  the  overall  cost  analysis  has  been  defined 
as  Life  Cycle  Cost  ( LCC1.  , 

.  '  J  -  ,  ", V  • 

A  symposium  to  explore  the  state  of  the  technology  of  OTC  and^LCC  was  held  by  the  AGARD  Flight  Mechanics 
Panel  in  Amsterdam,  The  Netherlands,  from  May  19  to  May  22,  1980.  Twenty-si>£papers  were  presented  in  four 
sessions; 

I.  LCC  Methodology  and  Its  Relation  to  Specifications  and  Requirements.' 

II.  Impact  of  LCC  Analysis  on  Total  System  Design." 

III.  Cost  Control  of  Operations  and  Support 

IV.  LCC  of  Subsystems  and  Components.  j  r 

The  papers  included  in  these  proceed ing$ give  a  good  overview  of  the  approaches  used  in  both  industry  and  govern¬ 
ment  to  control  costs  and  to  optimize  the  engineering  design  to  produce  the  most  efficient  aircraft  possible.  It  seems 
clear  that  DTC  is  an  incorrect  expression  since  having  set  down  specified  requirements,  it  may  be  impossible  to  meet 
some  equally  tightly  specified  cost.  The  best  one  can  hope  for  is  the  lowest  cost  to  do  the  specified  job.  The  question 
of  the  usefulness  or  the  correctness  of  the  specified  requirements  is  often  not  attacked  but  it  may  be  more  important 
than  all  the  DTC  and  LCC  efforts  to  reduce  life  cycle  costs.  Once  the  requirements  are  laid  down,  the  controllability 
of  life  cycle  costs  is  greatest  in  the  early  conceptual  phase,  when  uncertainty  in  cost  estimation  is  largest.  Hence, 
creative  advanced  design  is  a  key  for  cost  control. 

Evaluating  the  relative  importance  of  minimum  initial  acquisition  costs  and  minimum  life  cycle  costs  is  extremely 
difficult  due  to  the  reduced  present  value  of  future  savings,  e.g.  savings  in  fuel  or  future  maintenance,  combined  with 
the  uncertainty  of  future  interest  rates  and  inflation.  In  addition,  limited  military  budgets  and  a  lack  of  multiyear 
funding  tend  to  greatly  increase  the  emphasis  on  initial  costs,  leaving  the  future  operating  and  maintenance  costs  as 
problems  for  whomever  is  responsible  at  some  future  time. 

The  various  papers  in  these  proceedings  deal  in  varying  degrees  with  these  problems  but  the  overall  theme  Is 
determining  and  minimizing  costs.  Good  engineering  is  the  primary  key.  Engineering  for  reliability,  maintainability, 
low  fuel  consumption  and  good  performance  does  not  necessarily  increase  initial  costs  but  in  many  cases  trade-off 
studies  are  required  to  ascertain  the  cost/benefit  ratio  of  a  design  feature.  Many  of  the  methods  used  will  be  found  in 
these  proceedings. 

The  meeting  was  well  attended  and  the  active  discussion  throughout  the  meeting  showed  the  high  degree  of 
interest  in  the  papers.  The  main  themes  of  the  discussions  after  each  paper  and  during  the  round  table  will  be  included 
in  the  forthcoming  Technical  Evaluation  Report  (AGARI)  Advisory  Report  AR-I  (>5). 


P.HAMEL 

R.S.SHEVELL 

Members, 

Flight  Mechanics  Panel 
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LIFE  CYCLE  COST  ANALYSIS  (LCCA)  IN  MILITARY  AIRCRAFT  PROCUREMENT  r 

R. CHISHOLM 

BRITISH  AEROSPACE  AIRCRAFT  GROUP ,  WARTON  DIVISION  [ 

PRESTON,  U.K.  ! 

The  paper  discusses  changing  economic  environment,  and  the  developing  requirement  to  put  Increased 
emphasis  on  downstream  activities  in  the  early  phases  of  a  weapon  system  programme.  A  possible  approach  to 
calculating  the  magnitude  and  spread  of  cost  reducing  Investments  is  considered,  and  applications  of  Life 
Cycle  Cost  Analysis  in  Strategic  Decision  Making,  the  Design  Process,  and  as  a  sales  aid  are  mentioned. 

1.  CHANGE  IN  ECONOMIC  CLIMATE 

The  LCCA  approach  to  decision  making  is  developing  into  an  Increasingly  Important  tool  for  policy 
making  and  procurement  decisions  at  high  management  levels  as  well  as  for  detailed  traoe-off  studies  and 
design  optimisation.  It  seems  the  inevitable  product  of  a  most  dramatic  change  in  the  rate  of  Industrial 
and  economic  growth  within  the  industrialised  western  world. 

The  Second  World  War  focused  the  attention  of  many  great  nations  on  engineering  expansion  which  provi¬ 
ded  levels  of  skills  and  employment  that  had  not  been  required  previously.  The  uneasy  peace  that  followed 
Included  a  decade  of  re-construction,  re-organisation  and  political  re-alignment,  where  those  who  had 
suffered  most  seemed  to  exhibit  the  greatest  determination  in  eschewing  war  and  developing  international 

trade.  f 

Towards  the  end  of  the  40s  and  during  the  early  50s,  the  rationing  and  deprivation  of  the  past  were 
quickly  fading  memories,  near-full  employment,  economic  stability,  apparently  limitless  opportunities 
heralded  the  euphoric  expansion  of  the  late  50s.  During  these  boom  years  of  economic  growth  and  relative 
stability  of  the  currency,  capital  goods  were  ordered,  consumer  goods  purchased  in  ever  increasing  volumes 
and  a  period  of  unparalleled  growth  followed.  Relatively  little  heed  seems  to  have  been  taken  of  the  down¬ 
stream  costs  of  procurement  decision,  and  the  fact  that  this  industrial  and  economic  growth  could  not  be 
sustained  was  understood  only  by  a  few  academics,  philosophers  and  researchers  into  the  subject.  (ref  1  - 
'The  Limits  to  Growth’).  The  subject  as  a  whole,  completely  failed  to  catch  the  public  imagination. 

In  the  early  70s  there  certainly  was  a  realisation  that  expansion  could  not  continue  indefinitely. 

However,  in  the  UK,  at  least  there  was  a  firm  underlying  belief  in  the  principles  of  free  trade,  the  un¬ 
desirability  of  excessively  oppressive  import  restrictions  or  the  maintenance  of  trade  monopolies.  There 
was,  therefore,  a  tacit  assumption  that  market  forces  would  make  the  necessary  adjustments  to  demand  for 
scarce  resources  when  it  became  necessary,  and  that  technology  would  provide  alternatives  when  the  price 
was  right. 

In  1973/4,  when  the  newly  organised  OPEC  Cartel  unexpectedly  decided  to  implement  tactical  and  strate¬ 
gic  marketing  policies  and  exert  positive  control  over  their  nations  principle  assets,  the  consumers  were 
caught  completely  by  surprise.  The  fact  that  a  three  fold  price  increase  for  petroleum  products  did  little 
to  stem  demand  although  affecting  a  significant  decline  in  the  rate  of  economic  growth,  seems  to  sustain  the 
theory  that  economic  growth  had  been  maintained  largely  by  the  availability  of  cheap  energy.  Whether  or 
not  energy  is  cheap  at  present  is  a  matter  for  debate,  however,  it  is  clear  that  at  present  price  levels, 
there  are  few  developed  nations  that  are  not  subject  to  severe  economic  constraints  due  to  the  slackening 
of  growth.  These  constraints  are  currently  focusing  attention  on  the  downstream  costs  of  past  procurement 
decisions,  and  we  are  forced  to  the  conclusion  that  had  we  known  what  we  now  know,  design  and  procurement 
philosophies  in  the  60s  and  early  70s  would  have  emphasised  noticeably  different  criteria. 

In  considering  our  current  situation,  we  must  critically  review  our  objectives  in  the  military  aircraft 
procurement  field.  Clearly,  our  individual  approach  to  this  question  will  be  unique  to  the  nature  and 
function  of  our  particular  product.  It  is  evident  that  most  procurement  decisions  for  capital  equipment 
can  be  made  purely  on  a  cost  effectiveness  basis,  laying  out  predicted  cash  flows  on  the  projected  time 
scale  possibly  making  subjective  adjustments  for  criteria  such  as  the  user  appeal  etc.,  and  then  normalising 
the  cash  flows  according  to  agreed  conventions.  With  military  equipment  procurement,  this  process  is  made 
far  more  complex  by  the  addition  of  a  further  dimension,  namely,  mission  effectiveness.  In  order  to  simplify 
the  position,  one  can  ignore  the  situation  that  requires  a  limited  defensive  operation,  and  confine  the 
analysis  of  military  aircraft  to  peacetime  and  wartime. 

1)  Peacetime  -  cost  effective  requirement: 

The  objective  is  to  maintain  the  best  defensive  capability  and  readiness  possible  with  the 
available  financial  allocations 

2)  Wartime  -  mission  effective  requirement: 

The  objective  is  to  be. able  to  maintain  the  best  sortie/kill  rate  possible  with  the  available 
equipment/personnel . 

It  Is  immediately  apparent  that  unless  the  potential  customers'  requirements  are  wholly  offensive 
(when  the  mission  effectiveness  requirements  would  tend  to  predominate)  a  balance  has  to  be  achieved  between 
the  peacetime  operation  and  wartime  requirement. 

For  example,  the  aircraft  with  marginal  fatigue  life  for  peacetime  operations  (where  average  training 
sorties  tend  to  be  more  arduous  than  predicted  wartime  sortie  patterns),  Is  well  overweight  and  over  engin¬ 
eered  in  respect  of  the  mission  effectiveness  requirements  (certainly  If  one  takes  account  of  likely  attrition 
rates  in  defensive  operation).  Clearly,  the  optimisation  of  peacetime  and  wartime  requirements  needs  a 
delicacy  of  Judgement  that  is  subject  to  a  wide  variation  in  policies  and  individual  view  points.  It  is 
apparent  that  a  soundly  based  LCCA  produce  a  peacetime  solution  only;  however,  it  also  presents  a  basic 
platform  for  making  the  cost/mission  effective  trade-offs  using  the  sortie  rate/pay  load/range/kl 1 1  rate 
analysis . 
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2.  INVESTMENT  IN  DESIGN  TO  COST/LIFE  CYCLE  COST  TECHNIQUES  AND  POSSIBLE  RETURNS 

In  considering  the  investment  required  and  possible  returns,  it  is  appropriate  to  look  at  a  particular 
example;  the  one  described  is  broadly  typical  of  the  cash  flow  programme  that  might  be  expected  of  the  next 
generation  of  Combat  Aircraft.  The  cash  flows  indicated  in  Fig.  1  are  representative  of  the  costs  of  260 
Medium  Weight  Combat  Aircraft  when  broadly  following  UK  cost  allocations  and  accounting  conventions.  It 
is  of  course  assumed  that  in  organisations  where  there  are  no  formal  DTC/LCC  functions,  the  requirements 
for  maintaining  a  competitive  position  in  the  market  place  are  being  met  even  if  the  full  benefits  of  a 
rigorously  applied  cost  reduction  discipline  is  not  available.  Certainly,  Value  Engineering  Departments, 
Production  Liaison  Groups,  Planning  Engineers  etc.  have  a  vital  role  in  keeping  down  unit  costs,  and  these 
functions  are  an  important  ingredient  in  the  overall  requirement  to  reduce  LCC.  However,  it  is  common 
experience  of  practitioners  in  these  disciplines  that  their  efforts  are  frequently  devoted  to  cost  reduction 
exercises  that  would  have  been  much  more  economically  undertaken  at  an  earlier  stage  in  the  programme.  In 
fact,  one  sometimes  sees  the  situation  where  high  cost  designs,  materials  and  processes  are  initiated  in 
the  feasibility  phase  without  adequate  consideration  of  the  cost  implication,  and  decisions  are  made  and 
implemented  which  subsequently  have  to  be  followed  up  by  expensive  cost  reduction  exercises  in  attempting 
to  recover  the  situation. 

The  matter  of  when  to  invest  in  cost  reduction  techniques  is  the  key  to  the  overall  solution  of  prob¬ 
lems  by  life  cycle  cost  analysis  techniques.  If  one  considers  the  overall  military  aircraft  programme 
previously  described,  the  framework  for  calculating  the  investment  requirements  must  include  certain  specific 
assumptions . 

2.1  The  relationship  between  LCC  already  determined  and  time  into  the  project 

It  seems  sensible  to  assume  that  as  a  project  proceeds,  the  configuration  is  fixed,  materials  and 
production  processes  are  defined,  servicing  procedures  are  established  etc.  One  becomes  committed  to  an 
increasing  percentage  of  the  outstanding  LCC  and  the  remainder  that  is  still  subject  to  possible  reduction 
becomes  progressively  smaller.  It  would  be  extremely  useful  if  some  form  of  agreed  model  could  be  developed 
in  order  to  establish  a  consistent  baseline  for  decision  making  purposes.  To  indicate  what  is  required,  we 
need  to  look  for  a  very  simple  relationship  analogous  to  the  negative  exponential  used  that  is  now  well 
understood  and  a  useful  (if  over  simplified)  predictor  of  likely  cost  reduction  with  quantity  produced. 

Unfortunately,  we  have  yet  to  find  anything  as  simple  for  our  purpose;  nevertheless,  that  has  not 
prevented  us  from  experimenting  with  some  slightly  more  complex  relationships  to  ascertain  whether  they  make 
any  sort  of  sense.  If  one  takes  the  starting  point  as  being  a  basically  Pareto  type  of  relationship  where 
80%  of  the  LCC  is  committed  when  20%  of  the  project  life  cycle  has  elapsed  and  then  develop  from  this  a 
family  of  alternatives  (ie  70/30,  90/10  etc.)  it  should  be  possible  to  pick  one  of  them  and  postulate  that 
it  will  adequately  represent  the  relationship  between  LCC  committed  and  yet  to  be  committed. 


Relationships  of  the  form:  y  -  100 
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give  reasonable  looking  relationships,  which  are  tabulated  against  the  cumulative  programme  costs  (Fig.  2). 
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60 
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70 

100 
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93.98 

80 

100 

99.84 

95.96 

90 

100 

99.93 

97.29 

100 

100 

100 
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2.2  Assumptions  on  expected  benefits 

If  one  had  the  resources  available  to  investigate  a  completed  representative  project,  and  analyse  the 
cost  savings  that  would  have  been  available,  had  logical  and  timely  decisions  been  made  at  every  point  in  t  , 

the  programme,  it  would  be  possible  to  make  an  assessment  of  the  potential  for  cost  reduction  available  in 
a  future  project.  One  could  then  make  an  assessment  of  the  benefits  that  might  be  achievable  by  adjustments 
to  the  spend  pattern  on  some  future  project.  I  trust  someone  will  be  able  to  do  this  sometime  in  the  future 

However,  in  the  absence  of  any  firm  information  on  the  matter,  I  will  make  the  assumption  that 
additional  investment  in  the  following  phases,  definition,  development,  production  Investment  and  initial 
support  is  capable  of  effecting  a  2%  reduction  in  the  outstanding  undetermined  life  cycle  cost.  Please  do 
not  ask  for  this  figure  to  be  substantiated,  it  is  merely  an  assumption;  however,  I  believe  it  may  be  a 
very  conservative  assessment  of  the  achievable  savings,  and  therefore  adequately  takes  into  account  the 
levels  of  uncertainty  inherent  in  life  cycle  cost  investigations. 

Clearly,  this  is  a  rather  broad  assumption  as  the  benefits  that  would  accrue  by  Investment  in  a 
particular  phase  could  not  be  expected  to  occur  proportionally  within  subsequent  phases. 

For  instance.  Increased  spend  in  the  production  investment  phase  aimed  at  reducing  total  life  cycle 
cost  is  likely  to  have  a  greater  effect  on  production  than  later  phases. 

2.3  Required  real  rate  of  return 

A  suitable  rate  of  return  must  be  chosen  that  adequately  reflects  the  cost  of  capital  and  the 
opportunity  costs  of  alternative  investments,  and  for  the  purpose  of  this  Illustration  10%  will  be  used. 

It  should  be  noted  that  where  constant  economic  conditions  are  assumed,  the  effects  of  inflation  can  be 
ignored. 

Having  made  these  assumptions,  the  amount  that  should  be  invested  in  LCC  reduction  and  the  timing  of 
those  investments  can  be  calculated.  The  annual  investment  that  will  give  a  required  real  rate  of  return  if 
the  projected  LCC  reductions  are  achieved  would  be  evaluated  most  accurately  using  a  suitable  computer 
programme  to  calculate  the  cash  flows  on  an  annual  or  possibly  monthly  basis,  and  in  this  respect  would  be 
even  more  useful  if  it  Included  facilities  to  model  the  commitment  curve,  the  benefits  hoped  for  and  the 
required  rate  of  return.  If  this  exercise  is  extended  to  comparing  the  effects  of  investment  in  projects 
that  occupy  differing  time  frames,  then  it  will  be  necessary  to  reduce  the  cash  flows  to  their  net  present 
values  using  the  real  rate  of  returns  required  (exclusive  of  an  inflation  allowance  if  constant  economic 
conditions  are  used)  as  a  discounting  factor. 

3.  ASSESSMENT  OF  REQUIRED  SPREAD  OF  INVESTMENT  BY  PHASE 

Let  us  now  summarise  the  assumptions  made  so  far: 

1)  The  time  commitment  curve  follows  the  relationship  previously  described  and  for  the  purpose  of  the 
example  that  follows,  the  80/20  assumption  will  be  used. 

2)  Additional  expenditure  in  each  phase  is  capable  of  reducing  the  un-commltted  LCC  by  2%. 

3)  A  real  rate  of  return  of  10%  is  required. 

In  order  to  simplify  the  example  for  the  purpose  of  illustrating  the  point,  these  further  assumptions 
are  also  made. 

4)  Outstanding  cash  flows  are  treated  as  if  they  occur  in  the  year  in  which  they  achieve  50%  of  their 
total.  This  allows  a  simple  calculation  of  investment  required  to  achieve  the  targeted  rate  of  return. 

5)  The  additional  expenditure  in  each  phase  is  assumed  to  be  effective  In  the  year  in  which  the  phase 
expenditure  reaches  50%. 

By  using  these  assumptions  the  investment  required  can  be  calculated.  See  Fig  3.  The  table  indicates 
that  on  the  basis  of  the  assumptions  made,  it  is  worth  investing  an  additional  £20M  in  a  project  definition 
phase,  £9.9M  in  development  and  £4.1M  in  production  Investment. 

These  figures  are  really  quite  startling  even  bearing  in  mind  the  broad  assumptions  made  and  relative 
crudity  of  the  calculations.  The  conclusion  that  one  is  led  to  is  that  if  LCC  analysis  Is  to  be  of  any 
real  use  in  terms  of  making  a  significant  improvement  in  the  product  and  hence  profitability  for  the  manu¬ 
facturers,  the  main  Incremental  Investments  must  be  made  early  in  the  life  cycle. 

3.1  Effect  of  LCC  Analysis  on  Acquisition  Cost 

It  would  be  possible  to  use  the  assumptions  stated  previously,  and  calculate  the  effect  of  incremen¬ 
tal  investment  in  LCC  on  the  acquisition  cost  alone  by  certain  levels  of  Investment,  in  particular  phases. 

In  theory  it  seems  reasonable  to  assume  that  while  there  would  be  a  considerable  penalty  In  the  acquisition 
phases  of  a  programme  that  took  no  account  whatsoever  of  downstream  costs,  it  is  self  evident  that  this  is 
a  totally  unrealistic  situation  in  that  even  in  the  heyday  of  design  to  acquisition  costs,  ^wnstream  costs 
were  never  totally  ignored.  It  was  simply  that  they  received  much  less  emphasis  than  is  current  practice. 

The  conclusion  that  one  comes  to  is  that  if  there  is  a  penalty  (and  this  depends  on  whether  the 
value  of  real  rate  of  return  required  favours  acquisition  or  operating  phases)  it  will  be  an  insignificant 
Increment  on  the  total  acquisition  costs. 
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4.  SIGNIFICANT  APPLICATIONS  OF  LCC  ANALYSIS  IN  PERSPECTIVE 

Before  describing  soae  of  the  aaln  applications  of  LCC  analysis  it  is  worthwhile  commenting  that  the 
current  Interest  in  LCCA  donates  a  basic  change  in  emphasis  rather  than  a  fundamental  change  in  direction 
in  the  field  of  weapon  system,  design,  manufacture  and  procurement.  The  key  to  the  application  of  LCCA 
techniques  is  in  the  ability  to  produce  timely  and  soundly  based  analysis.  It  goes  without  saying  that 
the  level  of  expertise  and  professionalism  required  from  the  analysts  is  of  a  very  high  order.  The  subse¬ 
quent  paper  (ref  2)  covers  the  subject  of  analysis  and  application  In  some  detail  and  Indicates  the  depths 
to  which  analysts  must  delve  into  past  data,  and  the  sophistication  of  modelling  tools  required  to  enable 
the  techniques  to  be  affectively  applied. 

4.1  Strategic  Decision  Making 

In  order  that  a  Government  or  a  Contractor  can  make  an  appropriate  series  of  decisions  leading  to 
the  requirement  for  a  weapon  system  programme  to  meet  a  definite  threat,  an  analysis  of  the  total  LCC  of 
competing  systems  is  an  essential  part  of  the  process  that  leads  to  the  optimised  decision.  This  blunt 
statement  now  needs  to  be  qualified  in  terms  of  how  rigorously  it  can  be  followed  in  a  real  life  decision 
making  situation.  If  one  used  the  UK  procurement  machinery  as  an  example  it  would  probably  be  fair  to  say 
that  total  LCC  has  always  been  used  as  a  decision  making  criterion,  however,  with  a  degree  of  informality 
that  would  no  longer  be  appropriate  in  the  changing  economic  circumstances  we  find  ourselves  in.  The  use 
of  LCC  analysis  in  strategic  decision  making  should  be  seen  as  a  developing  art  with  considerable  scienti¬ 
fic  backing  rather  than  rigorously  applied  numeric  procedure.  In  practice  a  decision  maker  must  be  supplied 
with  a  framework  of  cost  and  technical  data  on  which  they  will  use  their  judgement  in  providing  an  optimised 
solution.  This  situation  is  Inevitable  since  there  are  certain  variables  in  cost  analysis  that  can  be 
pursued  with  little  hope  of  meaningful  results. 

It  has  always  been  difficult  for  Individuals  with  a  strongly  technical  background  to  accept  the  lack 
of  precision  inherent  in  certain  types  of  cost  estimate.  Unfortunately  this  is  sometimes  attributed  to 
shortcomings  in  the  Estimators  themselves  or  in  the  Management  Information  systems  that  provide  the  base 
for  cost  predictions.  There  are  of  course  many  situations  where  levels  of  uncertainty  in  technical  perfor¬ 
mance,  industrial  productivity,  economic  trends  etc.  are  such  that  they  cannot  be  ignored.  So  questions  as 
to  whether  one  embarks  on  a  detailed  cost  analysis  or  satisfies  the  requirements  by  an  overall  cost  assess¬ 
ment  qualified  by  a  mature  judgement  of  the  underlying  uncertainties  have  to  be  decided  at  the  outset. 

These  difficulties  are  a  reflection  of  the  fundamental  nature  of  strategic  decision  making,  and  in  no  way 
detract  from  the  value  of  detailed  LCC  analysis  as  an  analytical  tool.  It  merely  emphasises  the  Importance 
of  getting  into  perspective  those  decision  making  procedures  that  can  be  based  on  a  detailed  analysis,  and 
those  which  cannot. 

For  instance,  in  analysing  alternative  solutions  to  meet  a  specific  threat  a  particular  option  may 
have  a  5%  advantage  in  predicted  kill  rate.  However,  if  the  weapon  system  is  not  due  into  service  for  8 
years  and  there  is  considerable  uncertainty  as  to  the  nature  of  the  threat  that  will  actually  materialise, 
there  may  be  little  point  in  assigning  a  notional  value  to  this  5%  advantage.  Alternatively,  in  the  feasi¬ 
bility  stage  of  specific  projects  there  is  certainly  considerable  scope  for  undertaking  all  manners  of  cost 
trade-off  studies,  particularly  when  absolute  costs  are  of  much  less  Importance  to  the  decision  making 
process  than  relative  costs. 

For  Instance,  trade-offs  concerning  reliability,  maintainability,  availability,  quality,  vulnerability, 
interchangeability,  etc.  are  all  amenable  to  intelligent  cost  analysis.  Obviously,  these  techniques  are 
relevant  at  later  stages  in  a  project  although  as  has  been  indicated  previously  a  pay  back  is  likely  to  be 
less.  However,  there  are  certainly  effective  applications  in  the  operating  phase  in  areas  such  as  crew 
training,  technical  facilities  and  logistic  support. 

The  opportunities  for  using  LCC  analysis  as  a  decision  making  tool  appear  to  be  numerous;  the  key  to 
the  successful  use  of  the  techniques  is  in  obtaining  the  optimum  mix  of  numerical  analysis  and  mature  Judge¬ 
ment  . 

4.2  Design  Parameter 

As  indicated  previously  there  can  be  few  airframe  manufacturers  who  do  not  use  predicted  acquisition 
and  LCC  as  part  of  their  design  procedure.  In  fact,  if  there  were  any,  it  would  be  surprising  if  they 

managed  to  survive  for  any  length  of  time.  Where  one  sees  variations  in  approach  this  relates  mainly  to 

the  degree  of  formality  and  detail  used  in  setting  targets  and  the  procedures  followed  to  achieve  those 
targets . 

When  one  looks  for  the  ideal  system,  it  is  necessary  to  pose  the  question  "Is  a  formal  system  requir¬ 
ed  or  a  mature  awareness  of  the  cost  drivers?"  The  answer  would  depend  firstly  on  the  attitude  of  the 
national  procurement  agencies  who  may  wish  the  Contractor  to  demonstrate  a  formal  system  or  may  be  satisfied 
that  the  standard  of  training  provided  for  Engineers  and  Designers,  the  level  of  cost  feedback  available 
within  the  Company’s  Management  information  system  and  the  information  on  operating  costs  being  fed  back 
from  customers,  allow  optimised  designs  to  be  manufactured  without  the  expense  and  bureaucracy  of  a  formal¬ 
ised  system. 

Secondly,  from  the  Contractors  point  of  view,  it  is  suggested  that  the  all  embracing  DTC/LCC  system 
would  only  be  cost  effective  where  there  were  demonstrable  and  serious  shortcomings  in  the  organising 

ability  to  make  the  necessary  cost/technical  trade-off  at  each  level  of  breakdown.  This  would  be  particu¬ 

larly  relevant  to  an  organisation  that  has  grown  extremely  rapidly  or  recently  moved  into  a  new  type  of 
business  when  rigid  disciplines  (with  all  the  cost  and  programme  disadvantages  that  that  implies)  are 
necessary  to  compensate  for  the  inexperience  of  the  majority  of  the  workforce.  No  one  would  seriously 
argue  the  importance  of  using  cost  as  a  design  parameter;  the  difficult  part  is  in  establishing  the  degree 
of  formality  that  must  be  superimposed  on  existing  systems,  and  this  must  also  be  related  to  the  levels  of 
training,  experience  and  skill  of  those  who  commit  the  organisation  to  manufacturing  coats  and  the  customer 
to  operating  costs  by  the  nature  of  their  design. 
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Whatever  the  present  position  of  the  Contractor  or  his  suppliers,  it  is  clear  that  there  is  a 
current  trend  towards  more  formalised  systems  that  not  only  assist  in  controlling  acquisition  cost  (DTC) 
but  significantly  increase  emphasis  on  downstream  costs  as  well  (DTLCC) .  Some  Contractors  have  recently 
been  working  on  contracts  with  built  in  incentives  for  achieving  reliability  and  maintainability  targets 
and  there  is  even  the  possibility  of  customers  requiring  reliability  and  maintainability  guarantees.  There 
must  be  an  element  of  gimmickry  in  this  because  of  the  sheer  difficulty  in  defining  tc  the  mutual  satisfac¬ 
tion  of  all  parties  whether  a  target  has  been  achieved  or  not  (e.g.  is  maintainability  to  be  demonstrated 
by  the  superbly  trained  Contractors  team,  are  equipment  failures  due  to  a  fault  for  which  the  Contractor 
has  liability  or  due  to  unusual  operational  modes). 

In  moving  towards  a  more  rigorous  design  to  LCC  system,  it  is  clearly  extremely  important  that 
Designers  and  Engineers  be  supplied  with  adequate  cost/technical  information,  but  without  overloading  them 
with  detailed  information  and  data  of  little  relevance  to  their  task.  As  far  as  the  Contractor's  staff 
are  concerned,  adequate  information  is  usually  available  to  them  until  the  aircraft  leaves  the  factory; 
after  that,  he  is  at  the  mercy  of  the  customer  in  terms  of  useful  operational  information  that  is  fed  back. 

It  is  therefore  essential  that  the  manufacturers  staff  develop  the  personal  contacts  and  understanding  of 
the  customers  organisation  that  will  ensure  a  supply  of  comprehensible  cost  information  to  be  fed  back  and 
assist  in  the  design  process,  for  the  next  generation  of  aircraft. 

4.3  The  Sales/Procurement  Aid 

In  the  pressing  economic  environment  where  many  of  our  potential  customers  are  in  a  zero  growth 
situation,  the  emphasis  is  still  on  unit  acquisition  cost.  However,  there  are  few  who  do  not  take  operating 
and  support  costs  very  seriously.  In  fact  it  is  unlikely  that  a  winning  proposal  will  emerge  that  lacks  a 
detailed,  well  presented  and  adequately  substantiated  submission  on  downstream  costs.  There  are  several 
ways  the  weapon  system  supplier  may  have  to  approach  the  requirement  and  the  choice  is  usually  dictated  by 
the  customers  individual  operating  procedures.  For  instance,  standard  modelling  routines  can  be  used,  in 
fact  the  RCA  PRICE  suite  of  models  could  be  a  mandatory  requirement  for  certain  proposals  in  the  North 
American  Market,  in  which  case  the  customer  would  require  the  input  data  in  order  to  check  the  suppliers 
submission.  One's  attitude  to  this  approach  depends  on  the  understanding  of  and  confidence  in  any  modelling 
routines  to  be  used.  However,  in  practice  everything  depends  on  presenting  suitable  input  data  to  the 
model  and  being  able  to  substantiate  the  validity  of  those  data. 

An  alternative  approach  to  sales  proposals  is  to  build  up  a  submission  analytically,  using  customer 
information  and  manning  levels,  maintenance  procedures,  in-country  labour  rates  etc.  and  possibly  assist 
the  potential  user  in  preparing  a  case  for  his  Government's  Treasury  Officials.  What  is  clearly  evident 
at  the  present  time  is  that  a  weapon  system  sales  proposal  is  incomplete  if  not  backed  up  with  information 
on  likely  operating  and  support  costs,  the  nature  of  this  being  dictated  by  the  detailed  customer  require¬ 
ments.  The  supplier  must  therefore  be  prepared  to  take  a  very  flexible  approach  to  the  preparation  and 
presentation  of  these  costs  and  must  not  become  the  slave  of  a  sophisticated  cost  modelling  procedure  that 
is  unable  to  meet  the  full  range  of  likely  customers  requirements. 

5.  QUALITY  OF  ANALYSES  AND  HUMAN  RESOURCES  REQUIRED 

The  application  of  LCC  analysis  in  Military  Aircraft  procurement  where  there  is  a  requirement  to 
optimise  the  balance  of  spend  in  each  phase  of  a  weapon  systems  life  is  a  difficult  and  challenging  subject. 
This  paper  has  had  to  deal  very  superficially  with  the  subject  as  a  whole,  looking  at  the  time  in  the 
products  life  cycle  where  additional  resources  should  be  invested,  and  the  relevance  of  LCC  analysis  up  to 
the  point  where  the  product  is  sold.  What  the  layman  frequently  seems  to  expect  out  of  these  analyses  are 
clear  unambiguous  statements  of  predicted  cost  on  which  a  positive  and  fully  substantiated  decision  can  be 
made.  Life  is  never  that  easy  and  the  analysis  will  never  be  that  good. 

However,  later  papers  in  this  Seminar  will  indicate  in  much  more  detail  what  is  being  done  in  the 
Warton  Division  of  British  Aerospace  and  will  Indicate  the  quality  of  cost  prediction  being  made.  Inevitably 
there  are  always  problems  with  the  quantity  and  quality  of  input  data  (in  particular  that  being  fed  back 
from  the  customer),  it  must  not  be  forgotten  that  data  (and  in  particular  high  quality  data)  can  be  very- 
expensive  to  obtain,  and  while  there  may  be  few  organisations  that  do  not  have  the  need  to  continually  adopt 
and  develop  their  management  information  systems  to  meet  the  changing  requirements,  a  great  deal  of  money 
could  be  wasted  in  improving  the  quality  of  data  where  no  overall  cost  benefit  would  accrue. 

Probably  the  most  important  factor  in  the  successful  application  of  LCC  analysis  is  in  the  ability  of 
the  analysts  themselves,  by  using  staff  of  a  very  high  level  of  practical  experience  and  analytical  ability 
where  they  are  required  to  use  their  specialised  numerate  skills  and  their  broad  knowledge  of  the  business 
as  a  whole.  If  staff  are  available,  one  can  confidently  anticipate  analysis  and  cost  summaries  of  consid¬ 
erably  better  quality  than  the  input  data  supplied.  It  follows  that  while  modelling  routines  are  extremely 
useful  and  assist  the  analysts  in  many  parts  of  their  task,  one  must  have  grave  reservations  about  sophis¬ 
ticated  unintelligent  computerised  systems  which  rely  too  much  on  the  quality  of  input  data  and  too  little 
on  the  ingenuity  and  skills  of  the  analyst;  the  use  of  the  intelligent  analyst  is  therefore  the  key  to  our 
overall  approach  at  British  Aerospace  at  Warton  where  we  are  making  increasingly  extensive  use  of  LCC 
analysis  as  an  additional  tool  to  assist  the  decision  maker  to  improve  the  design  and  to  give  our  potential 
customers  advice  in  our  9ales  proposal. 

REFERENCES 

1.  The  Limits  to  Growth  1974  -  Meadows  Pan 

2.  Evolution  of  Techniques  for  LCC  Analysis  May  1980  -  J.  M.  Jones  Agard 
NOTE 
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O&S  COST  VISIBILITY  IN  EARLY  DESIGN 
R.  E.  HOUTS 

Naval  Air  Systems  Command  (AIR-4105A) 

Washington  D. C . 20361 , USA 

SUMMARY 

Much  has  been  happening  in  the  last  5  years  to  improve  the  capability  of  the  Naval  Air  Systems 
Comnand  (NAVAIR)  to  estimate  Operating  and  Support  (0&S)  cost.  To  a  large  degree,  this  improvement  is 
due  to  the  appearance  in  Fiscal  Year  (FY)  1975  of  the  first  VAMOSC  management  information  system 
reports.  The  VAMOSC  (Visibility  and  Management  of  Operating  and  Support  Cost)  MIS  (Management 
Information  System)  has  provided  significant  visibility  into  cost  differences  between  aircraft  and  thus 
cost  differences  that  are  due  to  a  large  extent  to  design,  operational,  and  support  characteristics. 
Early  emphasis  by  the  cost  estimating  conmunity  on  the  use  of  system  level  parametric  techniques  for 
estimating  the  O&S  costs  of  new  fleet  aircraft  failed  to  explain  OSS  differences  in  terms  of  design. 

The  newer  data  bases  have  allowed  a  shift  to  other  methodologies  which  provide  more  explicit  design 
related  visibility  into  estimates  of  OSS  costs.  This  paper  focuses  on  maintenance  support  costs  and 
related  cost  data  and  techniques  currently  employed  by  NAVAIR.  The  paper  presents  the  OSS  cost 
definitions  (including  the  NAVAIR  OSS  Cost  Breakdown  Structure  (CBS)),  data  bases,  and  cost  estimating 
techniques  that  now  allow  the  analyst  to  employ  engineering  oriented  cost  analysis  techniques  in  early 
design. 

DEFINITIONAL  PROBLEMS 

Three  definitions  are  pertinent  to  today's  presentation  -  Life  Cycle  Cost,  which  is  the  total  cost 
to  the  government  of  acquisition  and  ownership  of  a  system  over  its  entire  life  as  defined  in  DOD 
Instruction  5000.28;  Operating  &  Support  Cost,  the  cost  resulting  from  operation  and  maintenance  of  a 
system  over  its  operating  life;  and  Maintenance  Support  Cost,  the  portion  of  O&S  cost  specifically 
attributable  to  the  maintenance  of  a  system  or  its  equipment.  Maintenance  support  cost  includes 
scheduled  and  unscheduled  labor  and  material,  but  it  shoulu  be  noted  that  the  cost  of  initial  support 
investment  is  not  included.  These  major  categories  reflect  aggregates  of  multiple  lower  level  elements 
of  cost. 

One  of  the  major  problems  confronting  the  cost  analyst  relates  to  the  definition  of  these  lower 
level  elements.  The  same  cost  elements  may  be  defined  differently  by  various  Navy  data  bases.  Too 
often,  inappropriate  data  or  methodology  are  employed  simply  because  the  definitions  of  these  data  or 
methodology  (in  terms  of  their  specific  properties)  are  not  sufficiently  understood.  In  other  words, 
the  data  do  not  possess  the  properties  needed  for  their  legitimate  application  to  the  problem  at  hand. 
For  example,  system  level  cost  data  cannot  be  easily  disaggregated  to  examine  the  cost  implications  of 
design  changes  at  the  equipment  level. 

In  order  for  a  data  base  to  be  def initionally  appropriate  to  an  application  it  must: 

1.  be  representative  of  a  homogeneous  group  of  systems/subsystems/equipments  similar  to  the  one  of 
interest 

2.  be  for  systems/subsystems/equipments  having  similar  operating  tempo  and  environment 

3.  be  for  systems/subsystems/equipments  having  similar  maintenance  and  operational  philosophy  and 
policies 

4.  contain  actual  expenditure  data  or  a  very  close  approximation  of  same. 

The  type  of  problem  typically  encountered  by  NAVAIR  in  its  Design-To-Cost  (OTC)  activity  involves 
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tradeoffs  at  the  equipment  level  and  the  ability  to  relate  equipment  level  differences  to  system  level 
Life  Cycle  Cost  (LCC).  The  definitional  problems  Introduced  by  such  a  requirement  are  Illustrated  in 
Figure  1.  The  left  side  of  Figure  1  Illustrates  a  typical  weapon  system  level  O&S  Cost  Breakdown 
Structure  (CBS).  The  structure  is  consistent  with  the  000  Cost  Analysis  Improvement  Group  (CAIG),  US 
Air  Force,  US  Army,  and  US  Navy  Cost  Breakdovan  Structures  (CBSs).  The  right  side  Illustrates  the 
maintenance  support  cost  breakdown  structure  that  is  used  in  the  early  design.  Though  directly 
linkable,  there  are  maintenance  policies  and  operating  concept  aspects  that  must  be  considered  to 
develop  a  direct  quantitative  relationship  between  the  two  structures.  One  such  aspect  is  the 
"wrench-turning"  context  of  the  maintenance  support  Cost  Breakdovm  Structure  (CBS)  versus  the  total 
manning  cost  employed  in  the  O&S  CBS.  For  example,  if  the  maintenance  man-hour  requirements  for  a 
system  can  be  reduced  through  design  by  the  equivalent  of  one  man  year  per  year,  it  is  quite  possible 
that  system  level  manning  cost  may  not  be  reduced  at  all.  This  is  especially  likely  if  the  savings  are 
spread  over  a  number  of  subsystems/equipments  and  affect  a  number  of  different  skill  types  in  the 
squadron. 
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Figure  1 

NAVY  OATA  SOURCES 

The  most  critical  aspect  of  a  LCC  analysis  Is  the  data  base  that  is  used  to  estimate  costs  for  each 
cost  element  of  the  cost  breakdown  structure.  In  fact,  the  data  collection  system  and  resultant  data 
base  have  a  tendency  to  drive  the  cost  breakdown  structure.  This  paper  considers  two  readily  available 
and  therefore  widely  used  USN  data  bases.  The  older,  more  established  data  base  is  the  Navy  Resources 
Model  (NARM)  and  its  Navy  Program  Factors  Manual  which  is  sponsored  by  the  Chief  of  Naval  Operations 


(OP -901 ) -  The  newer  data  base  fs  the  Visibility  and  Management  of  Support  Costs  (VAMOSC)  System  which 
Is  sponsored  by  the  Naval  Air  Systems  Command  (PMA-270).  Both  reports  provide  O&S  cost  by  aircraft 
Type/Model/Serles  (T/M/S).  However,  the  VAMOSC  report  also  provides  maintenance  cost  visibility  to  the 
5th  digit  Work  Unit  Code  (WUC)  or  "black  box"  level.  By  having  visibility  Into  the  categories  of 
Maintenance  Support  Cost  for  existing  equipments,  an  analyst  now  has  the  capability  to  perform 
creditable  trade-offs  using  design  relevant  factors. 

The  NARM  data  has  not  been  appropriate  for  detailed  design  trade-offs  for  two  important  reasons. 

The  first  reason  Is  the  lack  of  detail  available  with  respect  to  hardware  breakout.  The  costs  are 
reported  at  the  Type/Model/Serles  level  (e.g.,  EA-6B,  KA-6D,  F-14A,  etc.).  The  only  exception  to  this 
is  the  depot  cost  which  Is  broken  down  by  airframe,  engine  and  component  reworks.  The  hardware  level  of 
detail  Is  sufficient  only  for  the  system  level  of  tradeoff  (e.g.,  F-14  vs  VFX).  The  second  reason  is 
that  the  NARM  costs  are  budget  oriented  and  are  based  on  model  generated  estimates  vice  actual  data. 

This  Is  of  significant  concern  In  design  trade-offs  because  the  degree  to  which  It  masks  the  causal 
relations  between  design  and  cost. 

VAMOSC  was  developed  In  response  to  a  000  Management  By  Objective  3-12  requirement  to  develop  a 
cost-effective  O&S  cost  management  Information  system.  The  VAMOSC  reports  contain  data  closest  in 
character  to  actual  expenditures,  displayed  by  T/M/S  and  WUCs,  and  as  a  result  provide  cost  estimates  in 
the  context  required  by  the  program  managers  concerned  with  the  design  decisions.  The  VAMOSC  system 
produces  two  reports:  the  Total  Support  System  (TSS),  containing  costs  at  the  system  level  by  T/M/S  and 
the  Maintenance  Subsystem  (MS)  which  contains  costs  down  to  the  5  digit  WUC  level.  The  TSS  is  more 
comprehensive  in  the  Inclusion  of  O&S  costs  while  the  MS  provides  detailed  maintenance  cost.  The  VAMOSC 
TSS  report  has  particular  emphasis  In  the  acquisition  review  process  which  requires  total  O&S  cost  of 
alternative  systems.  Managers  In  the  acquisition  and  design  process  are  visualized  as  the  major  users 
for  the  detailed  Information  provided  by  the  VAMOSC  MS  for  trade  study  analysis  of  alternative 
equipments.  Figure  2  shows  a  typical  VAMOSC  MS  Report  summarized  to  the  2nd  digit  kXJC  level. 

The  first  generation  VAMOSC  reports  were  predicated  on  a  requirement  that  they  be  based  on  existing 
data.  These  reports  are  available  for  four  full  years  plus  the  transition  fiscal  year  for  Navy 
aircraft. 

While  the  VAMOSC  MS  provides  the  designer  with  a  valuable  new  tool  by  allowing  cost  traceability  to 
the  subsystem  level  of  a  particular  Type/Model/Serles,  It  Is  not  a  panacea.  The  Organization  & 
Intermediate  (O&I)  level  maintenance  data  Is  based  upon  the  Navy's  3M  (Maintenance  &  Material 
Management)  Reporting  System.  As  a  result,  the  costs  are  based  on  3M  Maintenance  Action  Forms  (MAFs), 
Support  Action  Forms  (SAFs)  and  Technical  Directive  Compliance  (TOC)  forms  as  reported  by  Fleet 
personnel.  The  VAMOSC  MS  data  Is  limited  by  the  use  of  average  labor  rates  which  mask  the  skill  levels 
required  for  a  maintenance  action.  The  data  are  also  based  on  a  sample  of  reporting  squadrons.  Though 
the  VAMOSC  MS  offers  an  excellent  capability  to  deal  with  design-related  Issues,  it  must  be  remembered 
that  this  report  can't  be  linked  directly  to  total  O&S  cost.  For  the  same  reason,  there  Is  a  tendency 
to  discredit  the  manpower  cost  calculations  based  on  the  VAMOSC  MS  since  minor  changes  In  personnel 
demand  generally  don't  equate  to  manpower  level  changes.  However,  these  limitations  are  not  as  bad  as 
they  might  seem,  since  back-up  reports  are  available  which  provide  detailed  Information  on  the 
reliability  and  maintainability  characteristics  that  are  used  to  calculate  the  costs. 
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COST  ESTIMATING  APPROACHES 


The  four  general  cost  estimating  approaches  are  shown  In  Figure  3.  The  most  common  Is  the 
statistical  parametric  technique  which  develops  trends  from  existing  data  bases  to  predict  nominal 
costs.  The  next  technique  employs  analogies.  This  approach  Is  useful  when  data  obtained  from  field 
experience  Is  adjusted  (scaled)  for  differences  In  design  or  operational  environment.  Engineering 
buildup  techniques  provide  the  most  detailed  methodology  and  are  based  on  engineering-oriented  data  such 
as  demand  and  consumption  relationships,  repair  time  functions,  etc.  Using  any  of  the  above  techniques, 
a  "bench-mark”  system  experience  basis  is  utilized  to  estimate  the  comparable  cost  of  a  proposed  system. 

COST  ESTIMATING  APPROACHES 
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Figure  3 


Figure  3  also  indicates  the  hierarchy  that  exists  between  these  costing  techniques,  established  In 
terms  of  their  usefulness  In  design  tradeoff  studies.  Statistical  parametrlcs  rank  at  the  lower  end  of 
the  spectrum,  with  engineering  buildup  providing  the  highest  level  of  design  visibility.  The  advantages 
and  disadvantages  of  each  technique  are  discussed  below: 

Statistical  Parametrlcs:  While  useful  for  setting  nominal  values  for  Independent  costing.  It  Is 
generally  Ineffective  for  use  In  design  trade-off  studies.  Another  problem  with  this  approach  Is  Its 
potential  for  misuse  because  It  appears  to  be  so  flexible.  It  Is  easy  to  unknowingly  extrapolate 
outside  of  the  similar  functional  hardware  data  base  that  was  used  to  generate  the  statistics. 
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Scaling:  Scaling  for  system  differences  Is  the  most  practical  approach  In  design  trade-offs  when 
linked  with  analogy.  To  be  effectively  used  however,  technology  must  be  basically  stable  and  some 
insight  into  significant  design  differences  Is  required. 

Analogy:  Analogy  Is  essentially  scaling  where  the  scaling  factor  can  be  established  as  unity.  It 
offers  a  high  level  of  credibility  because  it  represents  actual  field  experience  from  an  equivalent 
system.  However,  as  a  result.  It  has  limited  direct  application  since  few  items  are  used  as  Is. 

Engineering  Buildup:  While  engineering  buildup  offers  the  highest  level  of  design  visibility,  it  is 
not  usually  practical  in  the  early  design  because  so  much  design  detail  is  required  and  not  generally 
available.  In  addition,  there  is  a  high  risk  of  not  considering  all  of  the  impacts. 

As  a  result  of  the  strengths  and  weaknesses  of  each  approach,  scaling  has  been  selected  as  the 
primary  costing  technique  to  illustrate  the  capabilities  provided  by  the  recent  data  base  Innovations. 
The  primary  reason  for  this  selection  is  that  scaling  factors,  when  applied  to  analogous  equipment,  can 
provide  the  highest  costing  credibility  during  early  design  because  it  provides  a  causal  basis  between 
design  drivers  of  cost  and  the  cost  estimate.  The  credibility  comes  particularly  from  the  designer 
recognizing  that  specific  actions  which  he  controls  also  logically  affect  the  cost.  A  significant  point 
that  can  be  made  here  is  that  the  scaling  techiques  have  another  benefit;  that  is,  they  can  be  applied 
at  any  level  of  hardware  indenture,  if  data  exists,  and  that  they  generally  act  like  a  catalyst.  They 
modify  the  inputs  but  do  not  themselves  mask  the  relationship  between  input  and  output.  In  addition, 
not  as  much  data  is  required  for  the  existing  systems  as  is  required  when  using  statistical  techniques. 

In  all  cases,  experience  has  shown  that  even  though  techniques  make  sense,  subtle  data  or 
methodology  problems  can  result  in  significant  errors  or  output  inconsistencies,  particularly  when  the 
total  is  the  summation  of  a  large  number  of  elements  of  cost.  Use  of  these  scaling  techniques,  as  in 
any  costing  approach,  requires  that  the  analyst  consider  the  results  and  ask  whether  the  results  make 
sense.  However  the  estimate  is  made,  it  is  always  good  practice  to  perform  an  independent  check  on  the 
estimate  and  its  elements. 

CASE  EXAMPLE 

There  is  no  Implication  that  this  example  is  the  only  way  to  estimate  or  develop  the  scaling 
factors.  In  fact,  some  efforts  by  NAVAIR  are  indicating  that  nonlinear  techniques  to  develop  scaling 
factors  would  provide  a  significantly  Improved  estimate.  The  guidance  for  selecting  the  technique  to 
develop  the  scaling  factors  and  estimates  for  any  specific  case  must,  of  course,  come  by  detailed 
analysis  and  understanding  of  the  data  bases  and  the  design  differences. 

In  this  example,  all  estimated  costs  are  based  on  VAMOSC  MS  data.  First,  a  baseline  subsystem  that 
is  analogous  to  the  new  subsystem  must  be  selected.  Extraction  of  maintenance  labor  and  consumables 
from  the  VAMOSC  MS  provides  the  data  that  are  then  scaled  by  a  labor  (usually  man-hour)  scalar  and  a 
materials  scalar.  The  labor  scalar  developed  will  usually  be  reflective  of  the  parameters  that  drive 
manpower,  such  as  demand  or  repair  time,  while  material  scalars  will  reflect  parameters  that  are  driven 
by  demand  and  cost  oriented  factors.  All  of  these  factors  are  available  to  varying  levels  as 
predictions  in  the  early  design  phase  of  a  program. 

Figure  4  presents  sample  FY-78  costs  from  the  VAMOSC  MS  report.  The  costs  are  on  a  cost  per  flight 
hour  ($/FH)  basis  for  the  S-3A,  A-6E,  F-4J,  EC-130Q,  and  A-7E  Radar  Sets.  These  data  provide  a  good 
degree  of  visibility  into  maintenance  cost  drivers  and,  at  the  lower  WUC  level  provided  by  VAMOSC  MS, 


allow  the  cost  analyst  to  Identify  cost  drivers  for  existing  systems.  As  a  result,  he  may  focus  his 
attention  on  those  cost  drivers  for  the  new  system  as  It  Is  being  designed. 


COST  PER  FLIGHT  HOUR,  RAOAR  SETS;  FY-80S 
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Figure  4 

Figure  5  provides  the  5  digit  work  unit  code  (WUC)  breakdown  used  for  this  example  with  the 
component  nomenclature.  Note  that  four  components  (high  cost  drivers)  are  broken  out  explicitly  and  all 
other  components  are  aggregated  Into  one  value  (73A1X).  The  technique  employed  for  this  example 
separates,  on  a  maintenance  action  per  flight  hour  (MA/FH)  basis,  those  actions  which  are  design  related 
versus  those  which  are  environmentally  related.  Thus,  only  a  proportion  of  the  baseline  value  Is  scaled 
by  the  change  In  maintenance  action  rate,  while  the  remainder  of  the  cost  Is  carried  through.  This 
technique,  demonstrated  In  Figure  5,  also  provides  for  more  system  specific  field-type  data  derating  by 
identifying  the  environmentally  related  maintenance  actions  for  that  type  equipment.  Figure  6  contains 
the  direct  maintenance  manhours  per  flight  hour  (DWH/FH)  labor  scalar  derivation. 

Figure  7  shows  the  development  of  scalars  which  are  applied  to  the  baseline  costs  to  arrive  at 
estimated  costs  for  the  hypothetical  subsystem.  The  unit  cost  estimates  for  the  new  subsystem  are  based 
on  contractor  data.  These  estimates  will  show  cost  differences  In  the  5  digit  aggregation  of 
components.  As  indicated  earlier,  the  values  and  parameters  used  to  develop  the  scalars  are  Intended  to 
be  Indicative  only  of  the  approach.  In  order  to  be  credibly  applied,  the  scaling  technique  must  be 
supported  by  effective  technical  evaluation  of  the  design  which  determines  the  significant  cost 
drivers.  Particularly  In  early  design,  where  the  parameters  levels  are  questionable,  sensitivity 
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analyses  should  be  performed  to  determine  a  credible  range  of  variation  in  the  scalar  values  and 
therefore  to  establish  a  range  of  variation  in  the  estimated  costs.  This,  in  fact,  might  provide  a 
useful  technique  to  expose  cost  risk  variations. 


DEVELOPMENT  OF  EXPECTED  NAVY  ENVIRONMENT  MAINTAINABILITY  AND  RELIABILITY 
FACTORS  FOR  NEW  RADAR  SYSTEM 
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NOTES:* 

73A1 

AN/APQ  Radar  Set 
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All  Other  Components 

**The  37X  scalar  is  a  percentage  of  non-design-controllable  maintenance  actions  as  determined  from  the 
"Aircraft  Maintenance  Experience  Design  Handbook",  Vought  Corp.,  Dallas,  Texas,  September  1978. 
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DEVELOPMENT  OF  RADAR  ORGANIZATIONAL  &  INTERMEDIATE  LABOR  SCALARS 


Maintenance  Level 

Historical 

Navy 

DMMH/FH 

Estimate  of 

New  Navy 

DMMH/FH 

Labor 

Scalar 

(1) 

(2) 

(2)/(l) 

(3) 

0  Level  DWH/FH 

.40 

.34 

.847 

I  Level  DMMH/FH 

.36 

.46 

1.274 

Total 


.76 


.80 


Figure  6 


DEVELOPMENT  OF  RADAR  UNIT  COST  SCALARS 


WUC 

Historical 

Navy 

Radar  Cost* 

Estimate  of 

New  Navy 

Radar  Cost* 

Unit  Cost 

Scalar 

(1) 

(2) 

(2 )/ ( 1 ) 

(3) 

73A11 

$45  K 

$75  K 

1.67 

73A12 

$20  K 

$35  K 

1.75 

73A13 

$30  K 

$60  K 

2.00 

73A15 

$40  K 

$35  K 

.87 

73A1X 

$15  K 

$45  K 

3.00 

*A11  costs  are  in  Fiscal  Year  80  $. 


Figure  7 


For  the  purposes  of  this  example,  the  baseline  and  hypothetical  equipment  were  divided  into  major 
component  groupings.  The  VAMOSC  MS  cost  data  were  then  normalized  on  a  cost  per  maintenance  action  or 
per  failure  basis  for  the  baseline  equipments  component  groupings.  The  results  of  applying  this 
approach  to  the  specific  example  are  shown  in  the  following  figures.  Historical  data  for  the  baseline 
equipment  is  presented  at  the  Organizational,  the  Intermediate,  and  the  Depot  level.  In  this  case,  the 
Organizational  and  Intermediate  level  labor  costs  are  considered  a  function  of  DMMH/FH  (Figure  8). 
Organizational  level  consumables  (Figure  9)  are  a  function  of  maintenance  actions  while  Intermediate 
level  consumables  (Figure  9),  component  rework  material  (Figure  101,  and  replenishment  spares  (Figure 
11)  are  a  function  of  failures  and  unit  cost.  Depot  labor  for  component  rework  is  scaled  by  the  failure 
rate  and  anticipated  man-hour  requirements  for  a  depot  repair,  and  includes  indirect  labor.  The 
material  portion  is  scaled  by  the  failure  rate  and  unit  cost.  The  resultant  cost  estimate  for  the 
hypothetical  equipment  can  now  be  determined  and  evaluated  in  comparison  with  those  l'sted  in  Figure  A. 


DEVELOPMENT  OF  NORMALIZED  O&S  COST 
ESTIMATE  FOR  NEW  RADAR  SYSTEM  —  FY-80  $ 


■O&I  Level  Labot  Cost 


0  Level  Labor 
I  Level  Labor 


Baseline  Radar  Systems 
S/FH  _ 

5.63 

5.74 


Labor  Scalar 


New  Radar 
$/FH 


.847 

1.274 


4.77 

7.31 


Figure  8 


DEVELOPMENT  OF  NORMALIZED  O&S  COST 
ESTIMATE  FOR  NEW  RADAR  SYSTEM  —  FY-80  $ 


wuc 

Baseline 

$/MA 

New  Radar 
System 

MA/FH 

New  Radar 
System 

S/FH 

Baseline 

$/Fai lure 

New  Radar 

System 

Failures/FH 

Unit 

Cost 

Scalar 

New  Radar 

System 

$/FH 

(1) 

(2) 

(l)x(2) 

(3) 

(4) 

(5) 

(6) 

(4)x(5)x(6) 

(7) 

73A11 

$20.55 

.0149 

$.31 

$53.77 

.0093 

1.67 

$  .84 

73AI2 

$  4.10 

.0105 

$.04 

$27.70 

.0053 

1.75 

$  .26 

73A13 

$  1.58 

.0121 

$.02 

$26.74 

.0079 

2.00 

$  .42 

73AI5 

$18.59 

.0197 

$.37 

$92.99 

.0085 

.87 

$  .69 

73A1X 

$13.47 

.0149 

$.20 

$20.11 

.0079 

3.00 

$  .48 

"0"  Level  Consumables  -  S.94/FH  “I"  Level  Consumables  -  S2.69/FH 


Figure  9 
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DEVELOPMENT  OF  NORMALIZED  O&S  COST 
ESTIMATE  FOR  NEW  RADAR  SYSTEM  —  FY-80  $ 


_ _ _ _ rnWONFNT  RFWORK  _ 

H 

m 

Baseline 
Material  Cost 
$/Failure 

By  2  X 

till 

Baseline  Scaled 
Material  Cost 
$/Failure 

Baseline 
Labor  Cost 
$/Failure 

Baseline 
Total  Cost 
$/Failure 

New  Radar 

System 

Failures/FH 

New  Radar 
System 
S/FH 

'  (1) 

(2) 

(l)x(2) 

(3) 

(4) 

(3)+(4) 

(5) 

(6) 

( 5 )  x  ( 6 ) 
(7) 

73/U1 

$110.91 

1.67 

$185.22 

$119.89 

$305.11 

.0093 

$2.84 

73A12 

$117.52 

1.75 

$205.66 

$  85.76 

$291.42 

.0053 

$1.54 

73A13 

$  8.14 

2.00 

$  16.28 

$  29.52 

$  45.80 

.0079 

$  .36 

73A15 

$  82.96 

.87 

$  72.18 

$  60.13 

$132.31 

.0085 

$1.13 

73A1X 

$  30.68 

3.00 

$  92.04 

$  51.99 

$144.03 

.0079 

$1.14 

Component  Rework  S7.01/FH 


Figure  10 


DEVELOPMENT  OF  NORMAL  IZED  08.S 
ESTIMATE  FOR  NEW  RADAR  SYSTEM  -- 

COST 

FY-80  $ 

New  Radar 

Unit 

New  Radar 

Baseline 

System 

Cost 

System 

WUC 

$/Fai lure 

Failures/FH 

Scalar 

$/FH 

( 1 )x(2)x(3) 

(1) 

(2) 

(3) 

(4) 

73A11 

$  53.22 

.0093 

1.67 

$  .83 

73A12 

$  26.18 

.0053 

1.75 

$  .24 

73A13 

$  63.02 

.0079 

2.00 

$  .99 

73A15 

$  42.95 

.0085 

.87 

$  .32 

73A1X 

$  21.73 

.0079 

3.00 

$  .51 

Replenishment  Spares  S2.89/FH 


Figure  11 
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CONCLUSIONS 

With  the  increased  use  of  VAMOSC  data,  more  accurate  cost  predictions  are  now  possible.  Those  data 
can  be  used  for  design  tradeoffs,  integrated  logistic  support  planning  and  program  reviews,  to  mention  a 
few.  There  are  some  problems  with  the  data  bases.  Some  inconsistencies  and  data  anomalies  are  only 
partially  identified.  From  the  depot  level  it  is  difficult  to  trace  an  equipment  to  a  particular 
Type/Model/Series.  The  significant  point  to  be  d'scerned  is  that  the  differences  do  not  disqualify  the 
use  of  any  of  these  data  bases.  Rather,  the  cost  analyst  must  understand  the  characteristics, 
definitions,  and  data  sources  and  their  meanings.  Knowing  these,  the  analyst  is  armed  with  a 
significantly  improved  basis  for  being  responsive  to  a  wide  range  of  estimating  requirements.  Despite 
some  unresolved  problems,  we  are  still  ahead  of  where  we  were  even  five  years  ago.  At  that  point  in 
time,  we  couldn't  hope  to  address  these  design  problems  using  field  data.  We  had  data  then,  but 
couldn't  determine  what  it  contained.  Because  of  the  new  highly  visible  data,  we  are  now  able  to  deal 
more  effectively  with  design  issues  as  they  arise.  The  key  is  to  perceive  the  needs  of  the  acquisition 
review  process  and  the  design  process.  The  important  requirement  in  early  design  is  to  know  the  impact 
of  a  design  alternative  to  allow  management  to  make  more  realistic  decisions.  We  must  capture  the  cost 
reduction  opportunities  before  the  design  freezes. 

NAVAIR  work  is  not  done  by  a  longshot.  The  current  NAVAIR  focus  is  on  greater  data  base  research, 
improvement  in  cost  estimating  techniques,  and  better  applications  of  this  new  data  base.  In 
conclusion,  the  use  of  VAMOSC  data  hopefully  will  lead  to  a  better  quality  of  cost  tracking  and  cost 
estimation  at  all  levels  of  repair  and  for  all  types  of  equipment. 
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ABSTRACT 

Design-to-Cost  procedures  have  been  included  in  all  major  U.S.  Army  aviation  procurements  since  1972. 
Experience  has  been  gained  during  design,  development,  procurement  and  initial  fielding  of  several  major 
systems.  The  ownership  cost  of  this  equipment  is  considered  during  development,  production  and  operational 
phases,  and  techniques  for  cost  control  are  discussed.  Lessons  learned  as  a  result  of  joint  Government- 
Industry  Design-To-Unit-Production-Cost  programs  are  presented.  Techniques  which  have  been  effective  in 
cost  management  on  utility  and  attack  helicopters  and  turbine  engine  programs  are  listed.  Producibil ity 
engineering  planning,  initial  production  tooling,  and  facil it izat ion  to  reduce  production  costs  are  dis¬ 
cussed.  The  role  of  warranties  in  controlling  operating  and  support  costs  is  illustrated.  It  is  concluded 
that  Design-To- Unit-Product ion-Cost  techniques  have  been  effective  in  achieving  lower  production  costs,  but 
that  additional  work  is  necessary  to  better  control  operating  and  support  costs  and  thereby  achieve  optimal 
life  cycle  costs. 


INTRODUCTION 


Design-to-Cost 

The  U.S.  Department  of  Defense  (DOD)  introduced  the  Design-to-Cost  (DTC)  concept  In 
1971  when  it  concluded  that,  in  view  of  budget  limitations  and  rising  cost  of  weapons,  it 
might  be  more  realistic  to  design  weapons  with  greater  consideration  to  what  it  could  reason¬ 
ably  afford  to  pay  for  them.  This  gave  rise  to  the  term  "Design-to-Cost"  (or  Design-to- 
Price).  The  following  paragraph  states  DOD’s  policy  on  this  concept: 

Cost  parameters  shall  be  established  which  consider  the  cost  of  acquisition  and  ownership;  discrete 
cost  elements  (e.g.,  unit  production  cost,  operating  and  support  cost)  shall  be  translated  into 
"design  to"  requirements.  System  development  shall  be  continuously  evaluated  against  these 
requirements  with  the  same  rigor  as  that  applied  to  technical  system  capability,  cost  and  schedule. 
Traceability  of  estimates  and  costing  factors,  including  those  for  economic  escalation,  shall  be 
maintained. 

The  Design-to-Cost  concept  has  been  applied  to  a  number  of  U.S.  Army  aircraft  programs 
for  several  years.  Ideally,  each  of  these  programs  had  reasonably  firm  DTC  goals  before 
contracting,  large  projected  production  runs,  early  consideration  of  life-cycle  cost,  mod¬ 
erate  anticipated  technological  risks,  and  some  contractor  competition.  These  conditions 
made  the  programs  good  candidates  for  successful  application  of  the  Design-to-Cost  concept. 

This  concept  begins  with  a  determination  of  how  much  the  U.S.  Army  can  pay  to  acquire 
and  operate  a  new  piece  of  equipment.  In  light  of  these  constraints,  desired  bands  of  per¬ 
formance  and  features  are  established  that  will  be  acceptable  to  the  "user."  Within  these 
parameters  the  design  engineers  then  arrive  at  the  optimum  solution  based  on  iterated  trade¬ 
off  studies.  The  principal  purpose  of  DTC  is  to  encourage  designers  to  achieve  lowest  manu¬ 
facturing  costs  by  making  trade-offs  between  cost  and  other  design  factors.  Adherence  to 
DTC  discipline  gives  designers  at  all  levels  the  authority  to  conduct  system  performance/ 
cost  trade-offs  on  component  design,  development  and  manufacturing  processes.  Potential 
cost  advantages  of  emerging  materials  and  processes  are  frequently  embraced,  thus  accelerat¬ 
ing  technology  transfer. 

With  the  award  of  production  contracts  on  the  Utility  Tactical  Transport  Aircraft  System 
(UH-60A  UTTAS)  and  the  T-700  gas  turbine  engine,  the  U.S.  Army  achieved  its  first  major 
experience  in  aviation  systems  Design-to-Cost  management.  That  experience  is  being  applied 
in  a  variety  of  developing  systems  including  the  medium  lift  (CH-47D)  modernization  program, 
the  Advanced  Attack  Helicopter  (AAH)  with  its  Target  Acquisition  Designation  System/Pilot 
Night  Vision  System  (TADS/PNVS)  components,  and  the  Remotely  Piloted  Vehicle  (RPV).  Current 
and  forecast  aviation  DTC  procurements  will  total  more  than  $8  billion  by  Fiscal  Year  1985, 


Operating  and  Support  Cost 

In  addition  to  these  procurements  shown  in  Figure  1,  considerable  emphasis  is  being 
placed  on  the  operational  suitability  of  these  systems.  Techniques  such  as  Reliability, 
Availability  and  Maintainability  (RAM)  goals  and  Reliability  Improvement  Warranties  (RTW) 
are  being  employed  to  insure  that  the  equipment  procured  at  the  best  possible  price  will 
also  have  affordable  ownership  costs.  Inclusion  of  these  processes  in  the  design  phase  is 
of  equal  importance  with  the  Design-to-Cost  discipline. 


Life  Cycle  Cost 

Life  Cycle  Cost  (LCC)  is  the  sum  of  all  components  shown  in  Figure  2 .  Representative* 
magnitudes  of  these  components  are  depicted  in  Figure  3.  The  cost  management  strategy 
presently  applied  in  U.S,  Army  Aviation  is  to  invest  adequate  funds  during  the  full  scale 


engineering  development  phase  to  insure  DTC  and  reliability  management.;  to  emphasize  estab¬ 
lishment  and  achievement  of  realistic  unit  procurement  goals;  and  to  consider  np  e  r  a  t  i  n  >• 
and  Support  (O&S)  cost  drivers  both  during  development  and  fielding.  Although  primary 
emphasis  is  typically  placed  on  investment  costs,  it  is  recognized  that  one  cannot  design 
for  low  procurement  cost  such  that  O&S  costs  are  degraded.  Conversely,  the  immediaev  and 
visibility  of  the  procurement  process  prohibits  excessive  investment  costs  solely  to  tn  i n i - 
mize  O&S  costs.  Des i gn- t o-Cos t  is  thus  a  management  concept  wherein  rigorous  cost  goals 
are  established  during  development  and  the  control  of  systems  cost  (acquisition,  operating, 
and  support)  to  these  goals  is  achieved  hv  practical  trade-offs  between  operational  capa¬ 
bility,  performance,  cost  and  schedule.  Cost,  as  a  key  design  parameter,  is  addressed  on 
a  continuing  basis  and  is  an  inherent  part  of  the  development  and  product  ion  process. 

Until  the  advent  of  DTC,  designing  to  minimize  costs  was  a  secondary  con s i d e ra t i on . 
Other  requirements,  such  as  performance,  structural  integrity,  durability,  and  weight  took 
precedence  over  cost.  Too  often,  cost  trades  were  made  if  and  when  the  drawing  release 
schedules  permitted  them.  Fabrication  of  the  Black  Hawk  fn  modules  is  an  example  of  lower¬ 
ing  manufacturing  cost  by  "thoughtful"  design  while  retaining  all  the  other  essential 
system  characteristics.  During  the  early  design  s  t  a  g e  —  w  h  o  n  requirements  were  closely 
examined  to  Insure  that  the  final  product  would  meet  its  objectives,  this  approach  was 
identified  as  the  most  cost  effective.  Kach  of  the  modules  Is  substantially  fitted  out 
with  its  hydraulics,  electronics,  flight  controls,  and  other  equipment  before  attachment 
to  adjacent  sections.  This  allows  the  work  to  he  performed  within  the  reach  o f  the  most 
efficient  equipment  and  with  the  most  efficient  use  of  manpower.  Had  this  decision  been 
delayed  until  commencement  of  fabrication,  the  efforts  to  reduce  cost  would  have  lost 
their  impact  because  design  changes  then  cost  more  than  the  savings  that  result. 

In  the  A AH  Program,  formation  of  a  broadly  based  subcontractor  team,  each  bring  special 
i  z  e  d  capabilities  a n  d  facilities  proved  to  be  an  effective  means  of  minimizing  facilitiza- 
t  ion  costs  and  optimizing  manufacturing  and  engineering  manpower.  Again  if  this  decision 
had  been  made  following  the  detailed  design  phase,  much  of  the  cost  benefits  would  have 
been  lost. 


D  K  V  KI.OPM  ENT  PROCESS 


Army-Indust  ry  Teamwork 

U.S*  Army  development  of  major  aircraft  systems  is  a  joint  effort  between  government 
and  industry.  The  Army  defines  systems  performance,  schedule,  and  cost  requirements, 
establishes  contractual  specifications,  encompassing  design  standards,  development  activi¬ 
ties,  qualification  requirements  and  acceptance  criteria;  and  performs  contractual  cost, 
schedule,  and  system  performance  management  activities. 

The  role  of  the  contractor  in  DTC  is  crucial  because  he  is  the  one  ultimately  doing 
the  "design"  work.  Making  cost  a  primary  design  objective  cannot  be  accomplished  without 
a  contractor's  commitment.  Keeping  score  costs  money  and  makes  no  contribution  unless 
astute  management  and  key  engineering  talent  are  committed  to  bringing  the  system  into 
production  at  or  under  the  targets  originally  established  for  the  program.  A  responsive 
DTC  reporting  system  must  provide  the  cost  visibility  to  the  engineering  decision-makers 
so  they  can  maintain  control  of  the  design's  key  cost  parameters.  Sustained  visibility 
on  costs  will  almost  always  require  further  analysis  and  innovation  from  design,  purchasing, 
and  manufacturing  engineering  groups.  Each  high  cost  item  must  be  studied  in  cost  and 
technical  depth  to:  (1)  update  obsolete  Items,  (2)  remove  unnecessary  features,  (1)  sim¬ 

plify  high  cost  features,  and  (A)  improve  operational  readiness,  reliability  and  maintain- 
ab i 1  ity, 


Cost  Program  M  an a  g  e  m  e  n  t 

The  characteristics  of  successful  Army/contractor  cost  program  management  are  listed 
below: 

1.  There  are  clearly  defined  organizational  responsibilities  for  system  cost 
management  including  Des  i  gn  - 1  o-  Co  s  t  and  1.  i  f  c  Cycle  Cost . 

2.  Cost  drivers  are  Identified  and  tracked  for  at  least  fin  percent  ot  total  estimated 
production  and  ownership  costs.  The  "paper  design"  must  achieve  established  cost  goals 
before  the  hardware  design  is  started. 

3.  Cost  estimating  methods  used  by  t  lie  contractor  are  sound,  based  upon  hi*-;  prior 
experience  for  similar  work,  and  can  he  validated  hv  qualified  Government  cost  analysts  and 
engineers.  Government  feedback  is  important. 

A.  Priorities  among  design  requirements  are  defined  and  trade-off  studies  made  on  a 
continuing  basis.  Design  iterations  for  cost  reductions  are  an  inherent  part  of  an  effec¬ 
tive  program. 


5.  Estimated  production  and  ownership  costs  are  distributed  down  to  a  level  that 
represents  specific  targets  for  individual  design  groups  who  are  accountable  for  their 
ach i evement . 


6,  Design-to-Cost  reports  generated  for  contractor  Internal  use  are  summarized  for 
customer,  program  managers  and  corporate  top  management,  reviewed  by  the  contractor  and 
Government  and  fed  back  to  the  designer. 


7.  Close  attention  Is  paid  to  produc  1  b i 1 1 1 y  costs;  and  tooling  and  manufacturing 
managers  participate  throughout  the  design  process. 

8.  Comparable  attention  is  paid  to  subcontract  DTC  and  LCC  performance. 


Figure  4  emphasizes  the  vital  importance  of  DTC  activity.  In  terms  of  cumulative 
systems  investment  cost,  less  than  five  percent  is  typically  expended  by  the  completion 
of  the  advanced  development  phase  and  substantial  cost  savings  are  possible.  The  savings 
potential  diminishes  rapidly  as  the  detailed  design  Is  completed  and  configurations  are 
frozen.  While  value  engineering  savings  are  possible  during  the  production  phase,  these 
must  be  sufficiently  cost  effective  to  pay  back  the  cost  of  re-engineering,  requalification, 
retooling  and  sometimes  retrofitting. 

In  order  to  insure  industry’s  attention  to  DTC  objectives,  a  number  of  strategies 
are  employed.  Typically,  a  non-negot iabl e  Des i gn-To- Un i t - P roduc t i on-Cos t  (DTUPC)  Is  intro¬ 
duced  as  a  contract  requirement  and  tracking  systems;  allocation  of  costs  to  assemblies, 
sub-assemblies  and  components;  monthly  reports,  annual  formal  reviews  and  Independent  audits 
are  utilized  to  manage  the  process.  It  is  interesting  to  note  that  the  UTTAS  was  evaluated 
as  being  on  DTUPC  target  in  1972,  1973  and  1974,  and  grew  by  only  ten  percent  at  the  time 
of  the  production  award  in  1976. 


DTUPC  Award  Fee 


To  further  stimulate  effective  cost  management,  the  U.S  Army  has  recently  included  DTUPC 
award  fee  clauses  in  development  contracts.  The  fee  is  typically  divided  into  increments 
payable  annually  based  on  the  Government’s  review  and  assessment  of  the  contractor's  DTC 
management  and  results.  In  the  first  several  increments  partial  fees  can  be  won  by  evidence 
of  management  commitment,  established  procedures,  and  formalized  reporting  and  feedback. 
Award  of  the  entire  fee  Is  generally  dependent  upon  success  in  meeting  DTC  objectives. 

In  a  sole  source  environment  it  may  be  very  desirable  to  utilize  the  DTC  award  fee 
although  it  can  be  argued  that  Industry  views  fee  income  as  being  only  a  minor  incentive 
as  compared  to  production  profit.  In  a  competitive  development  environment,  DTC  award  fees 
may  be  used  to  introduce  cost  management  to  "new  offerors"  but  will  probably  not  play  a 
major  role  in  the  success  or  failure  of  a  given  effort. 

One  must  be  very  careful  not  to  introduce  conflicting  signals  during  development. 

This  was  unwittingly  done  In  the  maturity  phase  of  the  UTTAS  program  where  extremely 
attractive  performance  incentives  were  combined  with  DTC  award  fees.  The  performance 
incentives  clearly  motivated  the  contractor  to  undertake  significant  redesign  and  requali¬ 
fication  at  Government  expense  due  to  the  cost  type  contract  in  order  to  achieve  unprece¬ 
dented  weight  reduction  and  performance  gains.  The  contractor  also  asserted  that  attain¬ 
ment  of  cost  reduction  was  a  foremost  consideration  for  every  redesign  item.  However,  many 
of  the  high  cost  components  of  the  UTTAS  were  not  subjected  to  the  redesign  process. 


Contract  Requirements 


The  Request  for  Proposal  (RFP)  should  request  the  offeror  to  propose  a  Des i gn- t o-Cost 
approach  compatible  with  the  contractual  Statement  of  Work  (SOW),  All  of  the  DTC/LCC 
requirements  are  documented  in  the  SOW.  The  contractor  documents  how  he  will  implement 
these  requirements  in  a  DTC/LCC  program  plan.  The  DTC  approach  should  establish  Life  Cycle 
Cost  as  a  parameter  to  be  considered  equally  with  technical  requirements  and  schedule 
throughout  the  design,  development,  production  and  deployment  of  the  program.  The  offeror’s 
approach  should  provide  the  following: 

Internal  Controls. 


a.  Establishing  goals  and  subgoals  and  suballocations  of  these  goals  at  various 
management  levels  down  to  the  engineering  group  responsible  for  a  specific  cost  account. 

b.  Providing  incentives  to  meet  or  better  assigned  subgoals. 

c.  Identifying  those  hardware/software  items  and  program  tasks  which  have  a  dominant 
effect  on  the  total  LCC. 


d.  Establishing  and  maintaining  the  logistics  support  cost 
supporting  input  parameter  rationale.  The  data  in  this  file  must 
data  contained  in  the  Integrated  Logistics  Data  File,  the  Failure 
Logistics  Support  Analysis,  and  Spares  Provisioning  process. 


drivers"  data  file  with 
be  consistent  with  the 
Modes  and  Effects  Analysis, 


Incorporating  DTC  requirements  in  design  subcontracts. 


Life  Cycle  Cost  Trade  Studies. 


a.  Identifying  and  prioritizing  potential  LCC  reductions. 

b.  Identifying  new  study  candidate  items. 

c.  Implementing  the  LCC  trade  study  effort. 


Status  Assessment  and  Reporting. 

a.  Determining  and  tracking  the  DTC  status. 

b.  Reconciling  the  DTC  estimates  with  the  Cost  Schedule  Control  System  Criteria 
(C/SCSC)  or  other  cost  management  and  logistics  data  systems. 

c.  Identifying,  documenting  and  tracking  design  decisions  made  to  reduce  the  LCC. 

d.  Providing  a  high  degree  of  government  and  contractor  visibility  into  LCC  activities, 

e.  Providing  timely  support  to  Army  program  validation  reviews.  (The  Army  must 
provide  feedback  as  well.) 


Integrat  ion . 

f 

a.  Providing  information  and  incentives  to  each  organization  level  to  consider  LCC  1 

on  an  equal  basis  with  technical  requirements  and  schedule. 

b.  Providing  a  cross-reference  between  the  Work  Breakdown  Structure  (WBS)  and  the  J 

Work  Unit  Cost  ( WU C ) . 


Kngineering  Change  Proposal /Va  lue  Engineering  Change  Proposal  (ECP/VECP)  Analysis. 

The  contract  should  specifically  state  that  all  Kngineering  Change  Proposals  (ECPs) 
will  require  an  analysis  of  how  the  proposed  change  affects  the  Design-to-Cost  goals  and 
Lite  Cycle  Cost  of  the  program. 


’  ’  JJ  jl?i _ Program 

in  mid  1  7  2  ,  Bo  e  in  g-V  c  r  t  o  l  and  Sikorsky  were  each  awarded  airframe  development  contracts 
with  Dos  I  gtt  -  To  -  !'n  it  -Product  I  on  -  Cos  t  targets.  The  Special  Provisions  section  of  the  contract 
schedule  provided  an  established  average  recurring  airframe  cost  of  $600,000  (constant  FY  72 
dollars).  Ihe  contract  Design-to-Cost  incentive  was  provided  by  an  increase  in  contract  fee 
'*v  l1!  percent  of  the  difference  between  the  average  airframe  production  cost  and  the  air- 
I  ruin'  cost  objective  of  $600,000  multiplied  by  the  number  of  total  aircraft  to  be  produced 
in  the  first  production  contract.  If  the  amount  negotiated  for  the  average  airframe  cost 
was  below  $550,000,  20  percent  would  be  used  in  lieu  of  15  percent  above.  Conversely,  the 
01'  penalty  of  going  above  $600,000  would  he  a  reduction  of  fee  amounting  to  15  percent  of 
the  difference  multiplied  by  the  number  of  aircraft  to  he  procured  on  tile  first  production 
contract.  Minimum  and  maximum  fee  limitations  were  established  in  Section  K  of  the  contract. 
Ihe  tee  structure  is  illustrated  in  Figure  5 . 

Ihe  determination  of  the  average  airframe  cost  for  DTUPC  incentive  tee  on  1107  air¬ 
frames  was  based  on  the  negotiated  average  cost  of  the  first  production  contract  for  15 
aircraft.  An  85  percent  learning  curve  was  used  to  project  t  1 1  e  c  o  s  t  of  1107  airframes. 

This  value  was  adjusted  to  FY  72  constant  dollars  using  the  latest  Cross  National  Product 
inflation  rate.  The  resultant  average  was  then  compared  to  the  PTPPf  goal  of  $600,000. 

f)es  i  gn-To-i'n  It  -  Product  ion-faist  was  tracked  at  b  (-monthly  executive  sessions  between 
the  contractor  and  the  procurement  team  to  add  a  management,  and  control  dimension  to  t  he 
project.  The  contractor  was  allowed  to  make  changes  without  government  approval  provided 
he  did  not  degrade  the  system  performance  below  the  following  levels: 

Cha  r  ae  t  e r i s t  i c  Criteria 

Cruise  speed  14  5-175  kt  s  Bv  •.  pec  i  t  v  i  n  c  b  an  d  s  ,  t  h  e 

Armv  indicated  to  '  i  .1.1.  ?  • 

Vertical  flight  performance  4  50-  5  50  ft/mfn  that  it  ,-xpe<ttd  t  t  .i  d .  -  o  t  t  .  , 

End u ran  r e  2 . 1  h  r s 


P  a  y  1  o  a  d 
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In  the  A A H  RFP  in  late  1972  ,  the  Army  explicitly  defined  a  requirement  In  which  cost 
was  of  equal  priority  to  technical  performance,  and  which  identified  a  maximum  allowable 
flyaway  cost  of  $1.6  million  (constant  FY  72  dollars).  The  program  goal,  as  modified  by 
OSD-d  i  rec t ed/ approved  changes,  is  still  the  goal  today,  and  should  be  met.  The  offerors 
and  the  selected  contractors  were  allowed  to  make  changes  without  Government  approval 
provided  they  did  not  degrade  payload/endurance  minimum s;  cruise  speed  of  145-175  kts; 
or  vertical  rate  of  climb  of  450-550  ft/min.  By  specifying  bands  of  performance,  the  Army 
indicated  that  it  expec  t  ed  trade-offs,  since  historically  offerors  have  tended  to  read  more 
capability  into  the  specification  than  the  Army  needed. 

The  A AH  DTC  program  is  unique,  in  that  it  contains  all  subsystems  in  the  A AH ,  including 
all  a rmamen t / f  i  r e  control  and  Government-Furnished  Equipment,  as  well  as  the  TADS/PNVS,  as 
shown  in  Figure  6.  The  program  is  also  unique  in  that  a  significant  percentage  of  the 
system  is  manufactured  by  Hughes*  major  subcontractor  team,  and  hence  requires  a  coordinated 
approach  to  DTC  activities. 

The  DTC  is  tracked  by  Hughes  on  a  continuing  basis,  with  monthly  reports  to  the  Army 
and  an  annual  DTC  review  by  an  Army  team.  Team  members  in  the  appropriate  specialized 
disciplines  also  conduct  these  reviews  with  Hughes  at  all  major  subcontractors.  The  results 
of  the  reviews  are  compiled  in  current  dollars,  and  are  deflated  to  FY  72  dollars  based  on 
a  composite  material  price/aircraft  worker  wage  index.  By  this  means  the  economic  fluctua¬ 
tions  within  the  aircraft  arena  are  considered  in  the  current  estimate.  The  results  of  the 
reviews  are  also  discussed  (including  the  Army  *  s  estimates)  with  both  Hughes  and  the  sub¬ 
contractors,  providing  much-desired  feedback  to  the  manufacturer  as  well  as  a  forum  for 
identification  of  differences  and  future  actions  for  either  party. 


When  competitive  contracts  were  awarded  to  Mar t in -Ma r i e t t a  and  Northrop  in  March  1977, 
a  strong  DTC  program,  including  tracking/report  ing  requirements  and  annual  Army  reviews, 
was  included.  Working  from  a  three-year  PTC  base,  the  production  contract  RFP  required 
both  contractors  to  propose  recurring  hardware  price  objectives  for  all  seven  years  of 
production,  with  commensurate  rewards / pena It ies  of  up  to  $10  million  per  year  based  on  the 
eventual  negotiated  prices.  The  special  contract  provision  also  contains  mechanisms, 
proposed  by  the  offeror,  for  treating  changes  in  rate,  quantity,  projected  escalation, 
germanium  costs  and  the  like. 


Lessons  Learned 

During  the  course  of  recent  U.S.  Army  DTC  efforts,  two  significant  lessons  have  been 
learned : 

1.  Design  engineering  rarely  has  available  the  tools  necessary  to  conduct  design/ 
manufacturing  cost  trends.  This  is  due  in  part  to  scarcity  of  detailed  cost  data  on  past 
programs,  lack  of  validated  cost  correlating  algorithms  and  an  emphasis  on  cost  as  a  function 
of  manufacturing  processes  versus  cost  as  a  function  of  design  approach.  Cost  data  in  the 
past  have  tended  to  become  obsolete  because  of  evolving  technology,  increasing  automation, 
application  of  new  materials,  and  variable  inflation  components  on  materials  and  labor. 

2.  Use  of  advanced  materials  and  low  cost  fabrication  techniques  are  extremely  impor¬ 
tant  for  affordable  systems  design.  This  is  contradictory  to  the  extent  that  greater  risk 
through  lack  of  experience  competes  with  the  superior  intrinsic  qualities  associated  with 
materials  such  as  high  (nodulous  organic  composites,  isostatically  pressed  castings,  and 
super  hard  steels.  Nonetheless,  a  prime  consideration  of  DTC  is  to  stimulate  the  designer 
to  develop  innovative  design  configurations  which  minimize  both  technical  risk  and  manu¬ 
facturing  cost. 


PRODUCTION 


Pr o due i b 1 1 1 t y  Design 

The  United  States  Army  has  found  it  both  desirable  and  necessary  to  emphasize  producl- 
blllty  as  an  adjunct  to  Des 1 gn - t o -Co s t  management.  Both  product  engineering  planning  (TFP) 
and  manufacturing  methods  and  technology  (MMAT)  are  vigorously  employed.  It  was  recognized 
early  in  the  development  of  the  T-700  engine  that  the  compressor  represented  a  significant 
cost  driver.  Very  precise  geometry  combined  with  a  labor  intensive  pantograph  machining 
process  dominated  engine  costs.  Under  an  ambitious  MMhT  project,  the  production  process 
was  converted  completely  to  numerical  and  computer  controlled  machines.  Computer  software 
was  written  and  debugged,  and  prototype  parts  made.  At  the  same  time  facilitation  fund¬ 
ing  was  provided  by  the  Army  to  capitalize  a  dedicated  compressor  machining  center  at  the 
General  Electric  plant  In  Hookset,  New  Hampshire.  It  is  anticipated  that  after  full  amor¬ 
tization  of  the  Government  Investment,  a  net  savings  of  approximately  $11,0(10  per  engine 
will  result. 


In  another  MM&T  effort  the  Army  Is  financing  Hughes  Helicopters'  efforts  to  man u ma¬ 
ture  the  main  rotor  blade  of  the  Advanced  Attack  Helicopter  using  automated  filament  wind¬ 
ing  techniques  in  lieu  of  a  bonded  metal  construction  (Figure  7).  It  is  envisioned  that 
this  project  will  not  only  result  in  a  much  lower  cost  and  more  rapidly  produced  main  roto 
blade,  but  will  also  pay  significant  dividends  in  operating  and  support  costs  due  to  t he 
ruggedness  and  field  repa 1 r ab i l i t y  of  composite  structures. 

DTC  drives  a  clear  requirement  to  perform  produclbility  planning  and  manufacturing 
technology  efforts  in  parallel  with  the  system  design  and  qualification  process.  I’ F V  and 
manufacturing  engineering  personnel  must  be  in  the  sign-off  process  on  design  and  he  avail 
able  to  assist  the  designer  when  needed.  This  Insures  early  acceptance  of  technology  and 
results  in  nearer  term  return  on  investment. 


Design  for  Reliability 

Crowing  emphasis  on  ownership  costs  for  complex  equipment  once  it  is  fielded  is  being 
felt  in  nearly  every  stage  of  the  development  process.  Design  for  accessibility,  modular 
interchangeability,  standardization  of  components,  interoperability  and  a  host  of  other 
techniques  are  being  employed.  Self  diagnosis  and  built-in  test  equipment  combined  with 
automated  inspection  and  repair  at  intermediate  and  depot  levels  are  increasing.  Simpli¬ 
fied  repair  procedures,  easy  to  read  manuals  and,  in  the  near  term,  computer  stored  main¬ 
tenance  and  diagnostics  using  fault  tree  logic  to  optimize  trouble  shooting  for  repair  are 
be ing  used . 

Reliability  Improvement  Warranty 

Definite  reliability  goals  are  customarily  established  for  both  systems  and  component 
One  technique  which  has  been  very  beneficial  to  the  Army  is  t  he  Re  I  iahil  itv  Improvement 
Warranty.  Under  this  process,  in  return  for  a  negotiated  fixed  price  at  t  lie  beginning  of 
the  contract,  the  manufacturer  agrees  to  repair  all  faulty  parts  and  further  t o  modify  it*1 
produced  so  that  a  minimum  contractual  mean  time  between  removal  is  achieved  in  the  lield. 
The  light  weight  Doppler  Navigation  System  (ASN-128)  exemplifies  the  Reliability  Improve¬ 
ment  Warranty  approach.  If  Doppler  components  fail  in  the  field  they  are  removed  and  re¬ 
turned  to  the  manufacturer  who  also  maintains  a  storage  level  in  the  supply  system  so  that 

aircraft  are  not  sidelined  for  lack  of  components.  Incoming  inspection  at  the  contractor 
facility  establishes  whether  the  failure  is  charged  to  the  contractor  or  to  the  Army  (as 
in  the  case  of  maintenance  induced  failures).  The  contractor  t  lien  repairs  the  component 
and  returns  it  to  the  supply  system. 

Early  in  the  Doppler  program,  infant  mortality  o f  lights,  switches  and  several  elect r 
cal  components  forced  some  redesign  and  additional  quality  control  to  meet  the  Army's  M  1  HR 

requirement.  This  was  done  and  the  Doppler  now  is  exceeding  contract  requirement:*  on  the 

UH-60  Black  Hawk.  The  Reliability  improvement  Warranty  has  been  also  applied  t  «  the  T-700 
engine,  to  the  fiberglass  rotor  blade  built  bv  Kaman  Aerospace  Company  for  t  lie  modernized 
AH-LS  Cobra  helicopter,  and  is  a  part  of  the  TADS/PNVS  production  contract.  It  is  a  veiv 
useful  tool  in  establishing  early  confidence  that  field  reliability  will  be,  in  tact, 
achieved  without  undue  cost  exposure  by  the  Government. 

In  addition  to  the  direct  benefits  of  assured  availability  and  reliability  oi  a  war¬ 
rant  eed  component,  a  number  of  indirect  benefits  have  been  realized.  These  include: 

1.  In  order  to  price  the  warranty,  both  the  contractor  and  the  government  must 
emphasize  reliability  and  maintainability  (RAM)  features  during  the  design  process  and 
attempt  to  accurately  establish  the  RAM  character  1st  ii*s  of  the  tielded  equipment. 

2.  To  exercise  the  warranty  it  is  necessary  to  collect  .accurate  and  t  i  me  1  v  t  id  d 
reliability  data.  Field  data  is  the  bread  and  !>»»  t  t  e  r  of  the  c  1  o  s  e  d  -  1  o  o  p  r  e  1  i  a  h  i  1  it  v 
program.  A  data  system  has  been  developed  called  Component  Report  lor  Intensive  Manage¬ 
ment  (GRIM).  This  data  system  would  he  necessary  even  without  warrant  ies,  hut  it  receive, 
additional  emphasis  and  support  from  management  because  of  the  warrant v  program. 

3.  Unanticipated,  early  failures  can  have  a  very  significant  impact  on  tin  logistics 
support.  The  warranty  program  provides  some  insurance  against  these  problems  bv  providing 
for  parts  and  tabor  for  these  failures.  This  is  an  obvious  hrnet  It  t  o  the  legist  i  c  *,  n.ana- 
ger  at  the  verv  busy  time  of  the  initial  fielding  of  the  system.  In  addition,  the  data 
that  is  col  1  ect  ml  under  the  GRIM  system  provides  very  t  i  me  1  v  In  I  mm.it  ion  to  assist  in 
optimizing  the  spare  support. 

4.  It  is  anticipated  that  the  repair  procedures  will  he  impacted  bv  the  wa it  ant  v 
program.  The  manuals  that  are  generated  for  depot  level  repair  have*  a  tendency  to  be 
overstated  primarily  to  protect  the  integrity  of  the  design  during  the  overhaul  pr  ■><(•■.  ■,  . 

As  experiences  are  gained  on  the  product,  the  overhaul  limits  tend  to  reach  an  opt  l  mum 
level.  This  usually  takes  a  process  of  years  to  accomplish,  and  in  t  lie  <ase  of  the  Cove  in 
went ,  it  may  take  even  longer.  The  process  for  optimization  of  the  repair  will  hi  speeded 
up  with  the  warranty  program  because  when  repairing  warranted  failures,  the  <  mi  t  r  a •  t  o r  i  ■ 
motivated  to  provide  the  corrective  action  at  least  cost  that  will  insure  product  i  n  t  «  »■  r  i  t 
He  will  seek  the  optimum  repair  procedures  bv  challenging  his  own  engineers  as  to  what  t h» 
acceptable  limits  are  for  repair  or  scrap.  This  visibility  will  f  o  i  tn  the  basis  to»  the 
depot  support  activity  over  the  life  cycle  o f  the  product  following  the  warranty  period. 
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CONCLUSION 


Before  the  advent  of  Design-to-Cost  emphasis  was  placed  on  increasing  performance  with 
little  consideration  of  affordability.  After  nearly  eight  years  of  experience,  it  is 
evident  that  DTC  goals  have  discouraged  demands  for  additional  performance  that  would  have 
Increased  production  costs.  In  fact,  DTC  goals  and  constraints,  which  Initially  were  based 
on  preliminary  cost  performance  relationships,  may  have  become  more  important  than  technical 
requirements  during  design  and  development. 

The  expanding  pressures  of  inflation,  system  sophistication,  international  agreements, 
scarcity  of  materials,  and  labor  costs  continue  to  sharply  erode  the  ability  of  all  military 
forces  to  procure  necessary  defense  systems.  DTC  is  an  extremely  important  step  in  counter¬ 
ing  this  erosion.  DTC  is  thus  a  required  and  vital  tool  for  the  designer  throughout  the 
preliminary  and  detailed  design  phases  of  aircraft  development.  DTC  targets  must  be  estab¬ 
lished  during  concept  formulation  where  cost  flexibility  exists  to  maximize  total  system 
performance  for  the  funds  available. 

DTC  has  been  a  U.S.  DOD  acquisition  policy  for  more  than  nine  years.  During  this 
period  many  defense  related  periodicals  have  presented  articles  reporting  great  success 
with  DTC  concepts.  Some  of  these  reports  may  have  been  premature  and  overly  optimistic 
in  offering  an  evaluation  of  the  total  objectives  established  for  DTC.  While  there  is  no 
question  that  acquisition  managers  are  much  more  cognizant  of  system  costs  and  production 
cost  management  since  the  introduction  of  DTC,  one  should  not  overlook  that  total  DTC  imple¬ 
mentation  required  harnessing  operating  and  support  costs  which  constitute  a  greater  portion 
of  life  cycle  costs. 

Design  and  implementation  of  Design-To-Unit-Product  ion -Cost  concepts  have  been  sub¬ 
stantially  productive  in  achieving  lower  production  costs  through  trade-off  analysis  and 
control  of  technological  competition.  In  a  sense,  DTUPC  has  reduced  the  tip  of  the  iceberg, 
but  the  base  of  the  ic ebe r g--o per  a t in g  and  support  costs--st  ill  requires  application  of 
resources  and  commitment  from  the  user  as  well  as  the  designer.  There  has  been  great 
achievement  in  the  production  cost  spectrum,  but  limited  success  in  the  larger  area  of 
O&S  costs.  This  Is  the  next  area  where  management  attention  is  required  if  the  real  objec¬ 
tive  of  reduced  total  ownership  cost  is  to  be  achieved. 
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DTC  FEE  STRUCTURE  FOR  UTTAS  CONTRACT 


AAH  DESIGN  TO-UNIT  PRODUCTION  COST 


YAH-64  COMPOSITE  MAIN  ROTOR  BLADE 


DEICER,  NICKELPLATEO  TITANIUM 


SPAN  LON  CO,  KEVLAR-49/ EPOXY,  IP 


•  ROOT  END  WRAPAROUND 
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•  BOEING-VERTOl  CH-47  (MOD) 


•  COCURE 

•  HUGHES  MTS 

•  BOELKOW  80-105 
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A  REVIEW  AND  ASSESSMENT  OF  SYSTEM  COST  REDUCTION  ACTIVITIES 

by 

W.  E.  Lamar 
Engineering  Consultant 


ABSTRACT 

The  ever  increasing  cost  of  aircraft  and  missile  weapon  systems  has  led  to  growing 
concerns  and  the  evolution  of  a  number  of  concepts  and  activities  to  reduce  cost.  Never¬ 
theless,  the  trend  of  ever  increasing  cost  is  still  evident.  This  paper  will  review  and 
assess  the  evolution  of  cost  reduction  concepts  over  the  oast  decade  to  current  Design  to 
Life  Cycle  Cost  (DTLCC)  efforts.  Emphasis  will  be  given  to  progress  achieved  and  basic 
problems  and  issues  which  have  confronted  successful  application  of  these  concepts.  The 
review  will  address  the  importance  of  top  management  action,  consideration  of  costs  in 
the  early  phase,  and  a  credible  data  base.  It  will  discuss  progress  in  developing  cost 
prediction  and  analysis  methods,  technologies  to  reduce  development,  acquisition,  opera¬ 
tions  and  support  costs,  the  institutionalization  of  design  to  cost  and  design  to  life 
cycle  cost  methods,  and  remaining  challenges. 

I.  PURPOSE 

The  purpose  of  this  paper  is  to  review  and  assess  the  background  and  evolution  of 
military  aircraft  systems  cost  reduction  concepts  over  the  past  decade,  summarize  the 
substantial  progress  made,  basic  factors,  problems,  issues,  and  opportunities  afforded  by 
new  technology,  and  highlight  a  number  of  challenges  remaining  for  management  and  engineer¬ 
ing  solutions. 

II.  INTRODUCTION 

The  continual  rise  in  military  weapons  systems  acquisition  and  onerational  support 
costs , is  certainly  not  news.  It  is  a  well  known  problem  that  has  long  aroused  the  concern 
of  top  DOD,  Air  Force  and  Industry  management.  Attainment  of  a  credible  program  to  reduce 
the  total  life  cycle  cost  of  both  the  individual  and  total  complex  of  svstems  continues  to 
be  a  major  challenge  for  the  military  strategists,  systems  managers,  designers,  engineers, 
operators,  logisticians,  and  all  of  the  many  other  skills  involved  in  the  development  of 
concepts  and  activities  aimed  at  containing  or  reducing  cost.  These  concepts  and  activi¬ 
ties  are  still  evolving  and  there  is  still  much  to  be  done. 

It  must  be  recognized,  in  any  discussion  of  life  cycle  cost,  that  militarv  weanons 
systems  are  designed  to  help  prevent,  and  if  necessarv,  win  a  war.  In  any  campaign  to 
reduce  cost,  or  design  to  an  'affordable'  life  cycle  cost,  care  must  be  exercised  not  to 
impair  the  military  capability  to  the  point  where  the  balance  tilts  in  favor  of  the  enemv . 
If  that  happens  the  effort  to  save  cost  will  result  in  an  enormous  waste  of  investments 
and  perhaps  much  more.  It  must  be  recognized  that  the  ever  increasing  cost  of  svstems 
is  paralleled  by  an  ever  increasing  capability  of  the  weapon  svstems  so  to  some  extent 
the  actual  cost/effectiveness  may  be  rising  less  slowly  than  it  appears  when  examining 
cost  alone.  It  may  even  be  decreasing  in  manv  areas.  Life  cycle  costs  are  essential! v 
peace  time  costs.  Their  rise  is  alarming,  especially  in  peace  time,  but  the  improved 
military  effectiveness  could  reduce  the  cost  of  performing  a  military  mission  during  a 
war.  Cost  reduction  is  necessary,  but  it  must  recognize  the  importance  of  maintaining 
adequate  military  capabilities. 

The  causes  of  the  ever  increasing  cost  of  weapons  systems  are  many.  Thev  can  be 
categorized  in  many  ways,  but  it  is  clear  that  major  reasons  for  high  cost  are  associ¬ 
ated  with  the  acquisition  strategies,  economic  and  political  factors,  budgetary 
fluctuations,  and  contractual  techniques,  all  to  some  extent  beyond  the  control  of  the 
program  manager  and  project  engineers.  Another  major  category  of  cost  increases  are  due 
to  the  sophisticated  technology  and  the  ever  increasing  complexity  of  new  svstems  in 
order  to  meet  demands  for  improved  militarv  capabilities.  Still  another  group  are  the 
cost  problems  in  the  operations  and  supnort  phases  of  a  system  program,  much  of  which  is 
part  of  the  institutionalization  of  the  way  these  activities  are  carried  out.  The 
system  design  can  exert  a  major  impact  in  this  area,  but  many  of  these  factors  are  also 
beyond  the  control  of  the  system  developer. 

Other  ways  of  categorizing  the  problem  could  be  described,  however  the  above  three 
represent  major  contributions  to  the  life  cycle  cost  of  a  system.  Since  thev  are 
inexorably  intertwined,  all  three  will  be  discussed  to  some  extent,  recognizing  of 
course  that  a  single  paper  such  as  this  can  onlv  address  limited  aspects  of  what  is  indeed 
a  cosmic  problem,  as  termed  several  vears  ago  by  Dr.  Sanator,  Chairman  of  the  National 
Security  Industrial  Advocation  Ad  Hoc  Group  studying  the  LCC  problem  for  DOD. 

Many  concepts  and  efforts  have  been  introduced  in  the  effort  to  curtail  or  reduce  the 
ever  rising  cost.  Some  have  simplv  been  an  effort  to  increase  awareness.  Others  have 
been  aimed  at  verv  specific  parts  of  the  problem,  for  example  to  improve  reliabilitv. 

Much  effort  has  been  aimed  at  improving  the  acquisition  process,  but  until  recentlv 
relatively  little  effort  has  been  aimed  at  improving  the  complete  front-end  portion  of 
the  process. 


While  it  can  be  said  that  cost  has  alwavs  been  an  engineering  parameter  and  has 
traditionally  been  given  attention  in  system  design,  the  facts  are  that  this  alone  is  not 
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enough, s ince  costs  have  been  rising.  The  increased  awareness  is  beginning  to  provide 
greater  emphasis  on  the  cost  aspects  of  the  problem  during  the  design  process,  but  much 
more  remains  to  be  done. 

III.  THE  PROBLEM 

The  cost  of  acquiring  and  operating  aircraft  and  missile  weapon  systems  is  of  major 
importance  to  the  downstream  effectiveness  of  the  military  fo’-ce.  As  the  slice  of  the 
national  budget  devoted  to  the  military  forces  is  generally  reduced  during  times  of  peace, 
when  other  national  needs  are  given  priority,  the  ability  of  the  military  services  to 
maintain  an  adequate  state  of  readiness  with  effective  modern  equipment  becomes  increas¬ 
ingly  dependent  on  the  abilitv  to  reduce  the  continual  trend  of  increasing  development, 
production  and  test,  i.e.  (Acquisition)  cost  and  operations  and  support,  i . e . (ownership)  costs 
which  comprise  the  total  life  cvcle  cost  (LCC) . 

Cost  is  a  continual  major  pronlem.  Figure  l^shows  the  ever-increasing  cost  of 
procuring  military  aircraft  and  missiles.  Projection  of  these  figures  has  led  to  estimates 
that  if  the  current  trend  of  exponentially  increasing  costs  continues  over  the  next  40-60 
years,  the  entire  Air  Force  budget  would  be  required  to  fund  a  single  aircraft  system. 

Calvin  Coolidge,  a  U.  S.  President  some  vearsago,  is  reputed  to  have  said  "Why  not  buy 
one  aircraft  and  let  the  pilots  take  turnsflving  it".  If  something  is  not  done  to  control 
costs,  we  might  approach  such  a  situation! 

In  addition  to  increasing  acquisition  costs,  operations  and  support  (O&S)  or  owner¬ 
ship  costs  are  also  rising  as  manpower,  snare  parts  and  fuel  costs  continue  to  escalate. 

O&S  costs  over  10  to  15  years  frequently  equal  or  exceed  the  total  systems  acquisition 
cost,  as  can  be  seen  from  Figure  2,  a  situation  now  well  known  to  many  as  a  result  of  the 
continued  attention  being  given  to  the  cost  problem.  Figure  3  from  N.  R.  Augustine^, 
shows  typical  times  required  for  ownership  and  acquisition  costs  to  become  equal.  The 
increasing  ownership  costs  absorb  a  larger  share  of  the  Air  Force  budget  and  reduce  the 
funds  available  to  modify  or  procure  new  aircraft  to  upgrade  force  canabi lit les . 

Much  progress  has  been  made  in  creating  an  awareness  among  government  and  industry 
management  and  engineers  of  the  importance  of  cost  reduction  and  in  establishing  procedures 
and  processes  that  result  in  reduced  cost.  Cost  reduction  in  the  many  areas,  activities 
and  factors  involved,  even  though  some  may  be  small,  can  aggregate  into  significant 
savings.  Significant  progress  has  been  made  in  designing  systems  for  reduced  production 
and  support  cost,  in  utilizing  new  technologies  to  reduce  cost,  and  in  evolving  the  system; 
acquisition  and  logistics  management  process,  which  exerts  a  major  influence  on  systems 
cost.  A  number  of  the  most  significant  gains  to  be  made,  however,  are  impeded  bv  basic 
problems  that  have  long  existed  and  defied  a  solution.  They  continue  to  offer  a  manage¬ 
ment  challenge  that  will  handsomely  reward  success.  Some  of  these  are: 

1.  Lack  of  continuity  in  key  management  and  decision  making  positions. 

2.  Inadequate  emphasis  on  the  front-end  of  the  development  process  and  trade-offs 
of  the  military  requirements,  system  design  and  life  cycle  cost  aspects. 

3.  The  requirement  to  spend  money  now  in  order  to  hopefully  save  much  money  later. 

4.  Technical  uncertainties. 

5.  Increased  capability  and  complexity  of  most  new  weapons  systems. 

6.  Budgets  cuts  and  fluctuations. 

7.  Lack  of  credibility  and  the  cosmic  nature  of  life  cycle  costing. 

8.  Difficulty  of  credible  trade-offs  between  future  system  operational  effective¬ 
ness  with  peacetime  life  cycle  costs. 

9.  Difficulty  in  establishing  'minimum  -  hut  acceptable  mi  I i tarv. requirements  for  a 
new  system  and  optimizing  the  force  structure  with  total  size  constraints. 

10.  Demotivating  influence  due  to  contracting  mechanisms.  Excessive  reviews,  checks, 
audits,  inspections,  paperwork  and  regulatory  requirements. 

While  many  of  the  above  factors  are  bevond  the  control  of  the  Air  Force/C.ontractor 
development  and  acquisition  team,  some  will  vield  to  continued  efforts  to  find  a  solution. 
Further  examination  of  some  of  these  factors  is  warranted. 

It  was  aptly  stated  by  a  top  DOD  manager,  Mr.  Schenmer,  some  years  ago  that  the 
basic  problem  is: 

A  ID  plus  year  system  problem 
A  5  year  program 
3  year  people 
1  year  funding 

The  problem's  still  much  the  same.  In  fact  some  of  the  people  arc  in  place  for  less 
than  three  vears!  On  the  other  hand,  some  program  managers  have  remained  on  the  job  much 
longer . 

The  difficulty  of  convincing  decision  makers  to  spend  monev  now  to  achieve  a  future 
benefit  is  always  difficult,  but  is  compounded  bv  the  questionable  credibility  of  the 
anticipated  future  gains,  the  discount  value  of  the  future  dollar  saved  in  comparison 


to  the  dollars  that  must  be  spent  now,  and  the  need  for  a  current  office  holder  to  author¬ 
ize  spending  the  money  when  he  will  unlikely  be  in  the  same  position  when  the  benefit 
materializes.  If  a  10  percent  discount  rate  is  used,  an  expenditure  of  39  cents  now  would 
require  a  savings  of  1  dollar  to  obtain  equal  value  10  years  later. 

Technical  uncertainties  increase  with  system  complexity  and  utilization  of  multiple 
new  technologies.  Technical  uncertainties  also  increase  when  the  system  design  does 
not  provide  adequate  testing  or  margins  to  account  for  data  scatter  and  other  factors 
which  experience  has  shown  to  be  necessary.  Design  to  the  limits  of  the  technology  in¬ 
creases  the  probability  of  subsequent  problems.  The  size  of  cost  uncertainties  can 
be  substantial  because  of  data  base  deficiencies  and  lack  of  accurate  cost  estimating 
methods,  but  when  combined  with  technical  uncertainties,  the  result  can  be  a  major  program 
problem  coupled  with  a  major  cost  increase. 

Figure  4  depicts  conceptual  cost /performance  curves  with  bands  of  uncertainty  for  an 
existing  system,  a  potential  modification  of  the  existing  system,  and  a  new  system.  Bands 
of  uncertainty  always  exist,  but  are  not  often  given  adequate  attention.  The  band  of 
uncertainitv  is  normally  greater  for  the  new  system.  Modifications  to  existing  systems 
are  one  of  the  prime  ways  of  improving  operational  capabiltiy  within  a  relatively  short 
time  at  small  additional  cost.  Optimistically,  a  modification  to  System  A  to  attain  the 
capability  shown  by  Point  B  would  nrovide  worthwhile  improvements  in  performance  for  the 
incremental  cost  shown.  With  advanced  tecbnoiogv,  it  mav  appear  possible  to  develop  a 
new  system  with  much  greater  performance,  f-r  the  affordable  cost  (Point  C)  .  Unfortun¬ 
ately  failure  to  take  into  account  uncertainties  in  either  the  modified  or  new  system 
often  leads  to  cost  overruns,  such  as  that  shown  bv  B1  and  Cl.  Performance  degradation 
could  also  result  and  cost  Cl  could  rise  within  the  uncertainty  band  to  Cl1  The 
capability  for  tuobabi  1  i  st  i  c  analysis  and  design  might  help  avoid  the  problem,  but  that's 
tough  to  do.  As  a  minimum,  the  degree  of  uncertainties  shou1 d  be  analyzed  so  that  judg¬ 
ments  regarding  probable  performance  and  cost  can  be  based  on  reasonable  knowledge  of  the 
probabi 1 i t ies . 

Budgetary  fluctuations  during  the  course  of  major  programs  frequently  force  re¬ 
programming  and  re - schedul ing  the  work  effort,  and  result  in  major  inefficiencies  in 
productivity.  Stretch-outs,  and  delays  caused  bv  the  reprogramming  process  result,  in 
losing  knowledgable  people  to  other  jobs,  retraining,  costs  and  require  many  people  or  -he 
payroll  for  a  longer  period  of  time,  thereby  increasing  total  cost.  Further  these 
fluctuations  cause  a  costly  reverberating  effect  throughout  the  entirt  industry  that 
impacts  thousands  of  vendors,  suppliers,  and  subcontractors,  as  well  as  the  prime  contrac- 
t  or . 

The  inadequacies  of  the  life  cycle  cost  data  base,  and  the  sheer  complexity  and 
magnitude  of  the  problem  lead  to  low  confidence  in  life  cycle  cost  estimates.  Failure 
to  provide  front-end  funding  to  implement  the  actions  required  to  attain  future  0,ys 
savings  lead  to  a  Lack  of  credibility  of  the  concept  in  the  eyes  of  those  who  have  to  do 
the  job, 

Weapon  system  life  cycle  cost  reduction  involves  a  'cosmic'  mvriad  of  interacting 
factors  encompassing  all  aspects  of  system  development,  nroduction,  test.  and  support . 

It  invoLves  the  development  and  application  of  new  technology,  nearlv  all  scientific, 
engineering  and  logistics  disciplines;  military  planning,  requirements,  and  strategies; 
systems  development  and  logistics  management;  systems  acquisition  strategies,  personnel 
training  and  productivity,  and  an  enormous  array  of  military,  design,  and  process 
methods  and  specifications.  Manv  of  the  specifics  involved  in  the  abovi  areas  are  relative¬ 
ly  micro  in  nature  but  aggregate  to  become  major  cost  factors.  Several  broad  aspects, 
such  as  military  requirements,  preliminary  system  design,  svstems  aenuisition  strategies, 
and  Ocdi  concepts  exert  major  influences  on  the  svstem  life  cycle  cost. 

One  of  the  continual  concerns  associated  with  major  acquisition  cost  reduction 
programs  is  their  possible  impact  in  reducing  weapons  svstems  operational  capability. 

Field  commanders  are,  of  course,  interested  in  having  quality  weapons  svstems  in  adequate 
quantity.  The  emphasis  in  reducing  cost  often  results  in  emphasis  on  meeting  the  "minimum 
military  requirements"  estimated  as  being  necessary  to  accomplish  t lie  expected  military 
missions.  Many  uncer taini t i es  exist  in  estimating  the  minimum  needed  capabilities,  and  a 
military  commander  naturally  would  prefer  the  most  effective  possible  weapons  system 
within  his  authorized  number  to  do  the  job.  Much  has  been  said  about  the  possibility  of 
lower  cost  systems  permitting  an  increase  in  the  numbers  available  to  ''"cralional  commands. 
Unfortunately,  this  is  not  necessarily  so, since  manv  other  factors  dictate  the  number  of 
authorized  operational  aircraft  and  wings.  The  subst itution  of  a  less  expensive  and  less 
capable  weapons  svstem  in  order  to  reduce  cost  cannot  be  expected  to  receive  t  lie  enthusi¬ 
astic  support  of  field  personnel  unless  it  will  with  some  certainty  be  compensated  bv 
adequate  increases  in  quantity  or  other  important  factors.  One  advantage  offered  hv  the 
reduction  of  life  cycle  cost  for  a  new  svstem,  is  that  it  can  relieve  budget  nressuros  and 
possibly  result  in  more  frequent  modernization  of  the  authorized  number  of  wings  and.  aircralt 
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Field  commanders  are  also  highly  concerned  about  achieving  high  availability  of 
their  systems  for  operational  missions.  To  the  extent  that  reduced  0&S  costs  are 
achieved  through  increased  reliability,  maintainability,  servicabilitv ,  and  other  factors 
important  to  attaining  effective  operational  capabilities,  the  effort  to  reduce  Ot,S  costs 
offers  the  possibility  of  accomplishing  both  important  objectives. 

Life  cycle  costs  relate  to  the  design,  development,  testing,  production,  operations, 
support,  and  where  applicable,  the  disposal  cost  involved  over  the  entire  life  of  the 
weapon  systems.  The  operations  and  support  costs  relate  to  the  peacetime  cost  of  main¬ 
taining  the  prescribed  state  of  readiness.  Reduction  of  total  life  cvcle  costs  represent;; 
a  major  need,  but  if  a  major  war  comes,  the  operational  performance,  readiness,  and  sustaina¬ 
bility  of  combat  systems  will  be  by  far  the  most  critical  need.  Continual  actions  to 
provide  both  short  and  long  term  solutions  to  the  life  cycle  cost  problem  must  never  for¬ 
get  the  importance  of  this. 


IV  COST  REDUCTION  CONCEPTS  &  SYSTEMS  ACQUISITION 

Over  the  years,  many  methodologies  and  concepts  have  been  introduced  in  an  effort 
to  achieve  meaningful  cost  reductions.  These  have  been  accompanied  bv  much  rhetoric, 
and  in  many  cases,  extensive  campaigns  to  improve  awareness  of  the  need  to  consider  cost 
in  all  aspects  of  system  development  and  use.  Figure  No.  5  summarizies  a  number  of  past 
and  recent  ccst  reduction  slogans  and  methodologies.  During  the  past  decade,  manv  policies 
and  directives  have  emerged,  and  ‘design  to  cost',  with  consideration  of  'full  life  cvcle 
cost'  is  now  being  institutionalized  in  order  to  make  it  a  normal  wav  of  doing  business. 

Early  Cost  Reduction  Considerations  -  During  the  1950's,  each  service  developed  it's 
own  system  acquisition  strategy  within  the  budgets  that  were  allocated  yearly  by  DOD  on  a 
percentage  basis  to  each  service.  Programs  initiated  during  this  time  period  often 
provided  the  ground  work  for  an  increased  share  of  the  budget  during  future  years.  A 
number  of  programs  entered  the  relatively  low  cost  initial  stages  of  development,  but  could 
not  be  supported  by  the  available  budgets  as  the  system  entered  the  more  costly  development 
and  production  phases  during  the  subsequent  vears. 

The  prime  "cost”  reduction  technique  during  this  period  and  early  60 ' s  appeared  to  be  a 
'meat  axe'  approach,  i.  e.  cancel  the  program, or  in  some  cases,  stretch-out  the  program 
to  reduce  the  yearly  cost.  This  led  to  many  program  cancellations  and  funding  problems 
as  programs  were  stretched-out  in  the  hope  for  next  year  funding.  One  can  make  the  case 
that  competition  is  good, and  having  a  large  number  of  programs  options  is  an  ideal 
situation.  The  problem  was  that  many  options  were  continued  and  stretched  until  over¬ 
come  by  events,  with  hundreds  of  million  dollars  lost,  except  for  the  knowledge  gained 
in  the  process . 

Prime  emphasis  in  aircraft  design  during  the  late  AO's  and  early  50's  was  on  the 
airframe,  propulsion  and  payload  in  order  to  achieve  significant  improvements  in  perfor¬ 
mance  made  possible  by  the  turbojet  engine  and  thin  or  swept  wing  technology.  Manu¬ 
facturing  techniques  to  achieve  the  high  production  rates  demanded  by  needs  during  war¬ 
time  obviously  received  major  attention,  but  cost  was  not  the  major  consideration.  The 
continual  demands  for  improved  performance  greatlv  increased  systems  complexity  and  led 
to  many  systems  integration  and  reliability  problems.  This  growing  need  to  consider  the 
entire  system,  led  to  introduction  of  the  full  aircraft  weapons  system  concept  with  the 
B-58  in  the  early  '60's, and  increased  attention  on  more  effective  svstems  and  subsystem 
integration,  especially  in  the  areas  of  avionics. 

While  cost  of  a  new  systems  acquisition  was  obviously  a  factor  given  much  attention, 
the  prime  emphasis  continued  to  be  on  improvements  in  the  engineering  and  system  develop¬ 
ment  process  to  avoid  or  eliminate  costly  problems  and  improve  overall  programs  develop¬ 
ment  efficiency  and  effectiveness.  Concurrency  was  a  prime  mode  of  operation  in  order 
to  reduce  time  to  operational  deployment,  but  except  for  a  few,  sucli  as  the  TERM  program, 
budget  fluctuations  and  technical  problems  thwarted  the  reduced  acquisition  time  object¬ 
ive  . 


During  the  1960  time  period,  DOD  initiated  the  five  vear  Program,  Planning  and  Budget 
Svstem  (PPBS)  together  with  DOD  control  over  major  svstem  acquisitions.  The  development 
concept  paper  (DCP) ,  now  known  as  the  Decision  Coordinating  Paper,  was  established  as  the  * 

basis  for  'decisions'  at  the  kev  milestones  established  for  initiation  of  each  of  the 
program  phases  which  were  defined  for  the  system's  life  cvcle,  namely  the  conceptual 
definition,  acquisition,  and  operational  phases.  Major  considerations  and  activities 
necessary  during  the  first  two  phases  are  shown  below; 

Concept  Formulation  Phase; 

a  Engineering  and  analytical  studies 

o  Technical,  and  economic,  and  military  basis  for  a  DOD  'condit ional  approval 
for  development' 

Definitions  of  Missions  and  Performance 

Selection  of  best .  teehn i cal  approach 

Analysis  of  trade-offs  for  cost,  schedule  and  performance. 
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Program  Definition  Phase: 

o  Establishment  of  firm  and  realistic  system  and  equipment  specifications 
o  Definition  of  interfaces  and  responsibilities 
o  Identification  of  high  risk  areas 
o  Explorations  of  trade-offs  and  alternatives 
o  Selection  of  best  technical  approaches 

o  Establishment  of  firm  and  realistic  schedules  and  cost  estimates 
o  Formulation  of  realistic  logistics  support  and  operational  concepts 

o  Establish  the  ground-work  for  a  fixed  price  or  incentive  contracting  for  the 
major  part  of  the  program. 

Note  that  there  is  emphasis  on  cost  estimates  and  trade-offs  and  on  the  establishment 
of  logistic  support  and  operational  concepts  which  exert  profound  influence  on  life 
cycle  costs,  even  though  the  concept  of  design  to  cost  or  design  to  life  cycle  cost  had 
not  yet  clearly  emerged. 

In  addition,  the  'Total  Package  Procurement  Concept'  (TPPC)  was  developed  for  con¬ 
current  negotiation  and  procurement  of  the  complete  development, product  ion  and  logistic 
support  systems  acquisition,  with  use  of  the  competition  during  the  concept  formulation 
phase  as  a  leverage  for  these  negotiations  and  fixed  price  contracts.  This  technique, 
which  was  used  for  the  C-5A,  required  the  contractor  to  commit  to  the  total  cost  and 
performance  of  the  system  before  the  design  was  complete.  Further,  a  policy  of  Government 
'disengagement'  reduced  correction  of  problems  during  the  development.  The  result  was  a 
billion  dollar  plus  problem  and  a  series  of  claims  and  adjusted  payments. 

Systems  management  came  to  be  recognized  as  a  factor  of  major  importance  in  a  system 
acquisition,  and  in  mid  1964,  the  Air  Force  Systems  Command  375  Series  Manuals  were 
issued  to  establish  a  more  standard  and  effective  approach  to  systems  management.  In  the 
foreword,  the  Commander  of  the  Systems  Command,  General  Schriever  said  "Many  times  we  have 
found  the  pacing  factor  in  acquiring  new  weapons ,  support  and  command  and  control  systems 
is  not  technology  -  it  is  management.  All  too  often  technology  has  been  known,  but  it  was 
not  properly  put  to  use  because  of  shortcomings  in  our  management  abi li tv . . . . The  leading 
endeavor  in  this  advancement  is  in  system  management  ....I  consider  it  essential  that 
every  person  performing  system  program  functions,  read,  understand,  and  comply  with  the 
philosophy  described  in  the  manual." 

Program  documentation  was  defined  in  much  detail  to  meet  the  requirements  of  the  DOD 
'Program  Package  Concept'  and  the  many  system  management  procedures.  Unfortunately, 
compliance  with  the  extensive  array  of  specifics,  rather  than  the  philosophy  and  guideline 
aspects  of  the  manuals  was  gradually  interpreted  as  a  definite  requirement,  and  the  System 
Program  Offices  (SPO's)  were  forced  to  develop  and  process  an  increasingly  large  amount  of 
costly  paperwork. 

The  1970  Decade.  A  revival  of  prototypes  and  a  new  era  of  systems  management 
philosophy  began  shortly  after  the  change  in  DOD  administration  in  1969.  Deputv  Secretary 
of  Defense,  David  Packard  took  a  strong  interest  in  the  systems  acquisition  process  and 
the  problems  posed  by  the  ever  increasing  costs.  In  an  article  several  years  later,  he 
said,  "As  I  reviewed  program  after  program  beginning  in  the  spring  of  1969,  almost  all  were 
in  trouble  from  a  common  fault  -  production  had  been  started  before  engineering  develop¬ 
ment  was  finished."  In  1970,  he  mandated  that  all  defense  systems  be  developed  on  a 
sequential  schedule,  with  no  movement  to  the  next  phase  of  development  until  all  problems 
discovered  during  the  previous  phase  were  fully  resolved.  He  noted  that  'the  ideal  schedule 
is  sequential  with  enough  slack  time  for  resolution  of  those  problems  which  invariably 
arise  in  any  development  program.' 

He  took  other  firm  actions  to  eliminate  many  problems  which  impaired  effective 
systems  acquisition  management,  and  by  May  1970,  had  established  a  set  of  policies  to: 

Cut  out  numerous  layers  of  authority 

Reduce  directives  and  regulations  to  a  minimum 

Encourage  initiative  and  innovation 

Manage  programs  with  more  capable  people 

Give  Program  Managers  responsibility  and  authority 

Assure  continuity  to  get  the  job  done  right 

A  new  series  of  DOD  Directives,  starting  with  5000.1  in  July  '71,  followed  to  instit¬ 
utionalize  his  policies  for  systems  acquisition.  DOD  instruction  5000.1  established  a 
new  'full-scale  development'  step  in  the  acquisition  process  and  provided  emphasis  to  the 
establishment  of: 

1.  Cost  parameters  which  consider  the  cost  of  acquisition  and  ownership. 

2.  Discrete  cost  elements  (e.g.,  unit  production  cost,  operating  and  support  costs) 
translated  into  ’design  to'  requirements. 

3.  Continuous  evolution  of  system  development  against  the  'design  to'  cost  require¬ 
ments  with  the  same  rigor  as  that  applied  to  the  technical  requirements. 

4.  Practical  trade-offs  between  system  capability. 
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The  philosopy  of  5000.1  continued  to  evolve  as  further  DO!)  Directives  more  specif¬ 
ically  defined  the  development  steps,  and  established  a  series  of  Defense  System  Acquisi¬ 
tion  Review  Council  (DSARC)  reviews  at  the  kev  mi lestonesof  the  acquisition  process. 
Following  a  review  of  the  process  by  the  Congressional  Commission  on  Covemient  Procure¬ 
ment,  the  U.  S.  Office  of  Management  and  Budget  (0MB)  issued  Circular  A- 109  on  5  April 
1976 .  This  establishes  the  current  policv  in  the  I'.  S.  for  maior  svstem  acquisitions. 

Its  prime  objectives  are  to  'great lv  reduce  cost  overruns  and  to  diminish  the  controversy 
of  the  past  two  decades  on  whether  new  systems  are  needed' .  This  document  stems  from  the 
philosophy  expounded  by  Mr.  Packard  and  the  development  of  the  DSARC  review  system. 

It  clearly  recognizes  the  Importance  of  the  'front -end'  of  the  acquisition  process,  and 
places  much  emphasis  on  clearly  establishing  mission  needs,  developing  alternative 
competitive  solutions  to  the  validated  needs,  and  avoiding,  nremature  commitments  to  full 
scale  development  and  production.  A- 109  requires  a  continuing  analysis  of  current  and 
forecasted  mission  capabilities,  technological  opportunities,  overall  priorities  and  re¬ 
sources  that  are  involved.  Deficiences  in  mission  capabilities  must  be  documented  in  a 
mission  element  need  statement  (MENS)  which  requires  formal  approval  bv  the  Secretarv  of 
Defense,  (Milestone  0),  before  proceeding  into  the  first  nhase  of  the  systems  acquisition. 

It  is  highly  logical  and  elegant  in  concept .  Figure  6  compares  the  steps  in  the  acquisi¬ 
tion  process  as  evolved  from  5000.1  with  the  earlier  process  and  shows  the  DSARC  reviews 
and  new  milestones  of  A- 109. 

Design  to  Jlost^:  DOD  Directive  5000.1.  "Acquisition  of  Major  Defense  Systems"  on  Julv, 
1971  constituted  the  first  official  DOD  policy  statement  on  design  to  cost  (DTC)  and  life 
cvcle  cost  (LCC) .  These  were  made  much  more  specific  with  DOD  Directive  5000.28  "Design  t o 
Cost  in  May  1975.  Scope  of  the  design  to  cost  anil  life  cycle  cost  definitions  relative  to 
the  major  phases  of  a  system's  life  are  shown  bv  Figure  7. 

"Design  to  Cost"  is  defined  as  a  management  concent  wherein  rigorous  cost  goals  are 
established,  and  control  of  life  cycle  costs  to  these  goals  is  achieved  bv  practical 
trade-offs  between  operational  capability,  performance,  cost  and  schedule.  Cost  is  con¬ 
sidered  a  key  design  parameter  to  be  addressed  on  a  continuing  basis.  One  of  the  key 
objectives  of  "design  to  cost"  is  to  establish  costs  as  a  parameter  equal  in  importance 
with  the  technical  requirements  and  schedules  throughout  the  system  life.  Since  the 
ability  to  accurately  estimate  production  cost  is  far  better  than  that  to  estimate  opera¬ 
tions  and  support  (0&S)  cost,  the  initial  "design  to  cost"  goals  were  established  in  the 
form  of  average  unit  fly-away  costs.  The  management  objective,  supported  bv  various 
plans  and  reviews,  also  includes  the  control  of  future  0<5S  costs,  although  specific  design 
to  cost  goals  in  this  area  are  dependent  upon  the  development  of  an  adequate  cost  data  base. 

The  A-X  prototype  program,  which  led  to  the  A-10A,was  the  first  major  system  to  adapt 
Che  DTC  concept.  The  A-X  competitors  were  given  a  specific  unit  production  cost  goal  for 
their  aircraft,  and  total  program  cost  (operation  and  support,  as  well  as  acquisition) 
was  establisted  as  an  important  source  selection  evaluation  criteria.  During  design  of 
the  YA- 10, engineers  were  given  cost  'bogies’  as  well  as  weight  'bogies'  which  are  tradit¬ 
ionally  given  as  design  goals.  Efforts  were  made  to  provide  for  common  left-hand  and 
right-hand  parts,  single  curvature  shapes,  use  of  conventional  materials  to  reduce  manu¬ 
facturing  costs  and  improve  maintenance  accessibility  to  enhance  maintainability,  and 
lower  support  costs. 

Life  Cycle  Cos t  :  Continual  concern  about  the  rising  0.5 S  costs  led  to  the  evolution 
of  a  number  of  techniques  to  assure  consideration  and  assessment  of  full  life  cvcle  cost 
considerations.  These  included  policy  statements,  such  as  that  of  the  Commander  of  the 
Air  Force  Systems  Command,  in  March,  1Q75  summarized  in  Figure  8  .  DOD  policv  evolved 
to  require  the  program  manager  to  submit  plans  for  achievement  of  0&S  cost  goals,  review 
by  top  systems  management  and  the  Defense  Systems  Acquisition  Review  Council  (DSARC)  of 
trade-offs  to  establish  the  best  balance  between  acquisition  and  05S  cost  and  minimize 
total  life  cycle  cost.  Some  teeth  were  provided  bv  introduction  of  specific  quantitative 
requirements,  such  as  Meantime  Between  Failure  (MTBF) ,  Maintenance  Man  Hours  per  Flight 
Hour  (MMH/FH) ,  new  procurement  incent i ves,  and  Reliability  Improvement  Warranties  (RIK'si 
to  reduce  uf.-S  costs. 

The  RIW  objective  is  to  motivate  and  increase  contractual  incentives  to  produce  equip¬ 
ment  which  will  have  low  failure  rales  and  repair  costs.  RIW  is  included  in  a  fixed  price 
acquisition  or  equipment  overhaul  contract  to  motivate  the  contractor  to  improve  tin- 
equipment  engineering  and  production  design  so  as  to  achieve  improved  operational  relia¬ 
bility  and  maintainability  of  the  svstem  component.  The  warranty  requires  the  contractor 
to  replace  or  repair  all  failed  equipments  within  a  specified  time  during  the  covered  time 
period.  Ideally  the  price  for  the  RIW  covered  is  negotiated  as  part  of  the  acquisition 
contract  during  the  competitive  period.  Inclusion  of  such  features,  of  course,  requires 
additional  funding  at  t  lie  time  of  program  acquisition.  Their  use  adds  credibility  to  the 
DOI)  intent  to  seriously  consider  life  cvcle  cost  ,  .-.m!  provides  increased  ft.-m  ns!  funding 

Emphasis  was  also  given  to  improving  the  DOD/ Indust rv  and  interface  in  both  t he  design 
to  unit  cost  and  the  design  to  reduce  o.5S  cost  areas.  (tout  met  ors  have  been  provided 
increased  visibility  into  the  O.SS  cost  structure,  and  have  become  highly  involved  in  i  hr 
analysis  of  0.5S  cost  and  techniques  for  their  reduction.  The  importance  of  the  earlv 
design  process  has  been  more  fully  recognized,  and  major  efforts  have  been  made  to  provide 
designer;;  with  an  understanding  of  life  evele  cost  parameters  so  that  tin-  implieat  ion-, 
of  such  cost  can  he  more  fully  considered  and  traded  off  during  t '-e  design  proves.  In 
adequacy  of  the  data  base,  especially  in  relation  to  its  ability  t>  quantify  the  impact 
of  specific  svstem  characteristics  and  deficiencies  on  IV*S  cost  h.e  inhibited  more  exten 
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sive  integration  of  specific  O&S  cost  design  requirements,  but  efforts  are  underway  to 
remedy  the  situation. 

Commercial  practices  are  being  analyzed  to  both  determine  their  applicability  to  the 
military  problems  and  to  provide  the  cost  benefits  achieved  bv  the  effective  commercial 
experience  in  airline  and  airfreight  operations.  As  an  example,  the  T-37  total  training 
system  now  in  procurement  includes  consideration  of  commercial  practices  in  the  request 
for  proposal.  The  KC-10  tanker  program  involves  contractor  sunport ,  commercial  warranties 
and  other  commercial  practices.  Buy  plans  for  a  new  cargo  aircraft  includes  considera¬ 
tions  for  contractors  support  during  the  first  three  years  of  operation,  and  various 
incentives  for  interim  contract  support  (ICS)  with  a  fixed  price  for  follow-on  support. 

One  concept  includes  an  adjustment  of  the  incentives  and  cost  sharing  aspects  to  not  only 
motivate  the  contractor  to  effectively  accomplish  the  task,  but  to  gradually  phase  out 
of  the  support  activity  as  Air  Force  resources  become  capable  of  absorbing  the  load. 

Definite  progress  has  been  made  in  the  implementation  of  life  cycle  cost  objectives, 
even  though  the  capability  of  actual  design  to  life  cycle  cost  is  still  somewhat  illusive. 
During  the  past  several  years,  source  selection  criteria  has  involved  consideration  of 
logistics  costs  as  well  as  acquisition  costs.  The  life  cycle  cost  plan  prepared  bv  SPO 
directors  to  establish  goals  provides  visibility  throughout  the  program  for  management 
of  life  cycle  cost  factors  during  the  full  scale  engineering  development,  and  production 
phases  of  the  program.  Costs  are  identified  for  the  support,  training,  and  spares  by  the 
System  Program  Office  (SPO)  which  includes  representation  from  both  the  Air  Force  Systems 
and  Logistics  Commands . 

Life  cycle  cost  reduction  goals  are  set  by  establishing  factors  such  as  affordability 
limits,  through  comparison  with  similar  systems,  and  by  maintaining  competition  until 
negotiation  is  completed,  for  not  only  the  systems  acquisition,  but  for  warranties  and 
other  guarantees  for  adequate  performance  during  the  operational  phase.  Mission  oriented 
work  statements  are  utilized  to  reduce  the  number  of  changes  required  by  the  Air  Force. 

These  replace  the  older  type  work  statements  which  specified  the  product  characteristics 
in  detail  and  frequently  required  changes  to  assure  that  the  product  met  intended  military 
requirements . 

The  Air  Force  Light  Weight  Fighter  Program  which  resulted  in  two  prototype  aircraft, 

YF-16  and  the  YF-17  utilized  design  to  cost  for  both  the  prototype  and  later  F-16A  full 
scale  development  (FSD)  and  production  costs.  Unit  target  prices  were  established  in  the 
Jan  1975  for  Fiscal  Year  77,  78,  and  79  production  aircraft.  LCC  and  RIW  provisions  were 
also  included  in  the  contracts. In  the  FSD  bids,  each  contractor  provided  a  firm  fixed  price 
option  for  RIW's  and  RIW  with  a  MTBF  guaranty  for  a  group  of  'First  Line  Units'  (FLUs). 

A  FLU  is  the  first  level  of  disassembly  below  the  system-level  that  would  be  carried  as  a 
line  item  at  the  base- level  supply.  It  is  synonvmous  with  an  avionics  component  Line  Re¬ 
placeable  Unit  (LRU).  Each  of  the  FLUs  was  used  as  the  basis  for  a  sunport  cost  control 
program  whereby  the  predicted  logistics  support  cost  established  bv  the  contractor  was 
subject  to  a  3500  flying  hour  demonstration.  Selected  FLUs  were  expected  to  contribute 
50%  or  more  of  the  component  level  logistic  support  cost.  An  award  fee  was  provided  as 
an  incentive  for  contractor  achievement  in  meeting  the  'Target  Logistics  Support  Cost  ' (TLSC) . 

Affordability:  Cost  concepts  continue  to  evolve.  The  concept  of  affordability,  i.e. 
the  ability  to  bear  cost  of  something  can  be  quantified  by  comparing  the  cost  of  a  new 
system  in  relation  to  available  budgets,  and  then  adjusting  the  cost  to  be  compatible 
with  the  budget,  i.e.  the  affordable  cost.  The  affordability  concept  was  included  as  a 
factor  in  trade-off  decisions  by  DOD  Directive  5000.1  in  1971.  In  1977,  DOD  Directive 
5000.2  'Major  System  Acquisition  Process'  specified  'Affordability  Objectives'  and 
r-quired  that  acquisition  and  ownership  cost  be  shown  as  separate  cost  elements  prior 
to  full  scale  developments.  The  most  recent  draft  of  DOD  Directive  5000.1  provides  that 
affordability  be  determined  at  each  DSARC  review,  and  include  the  percentage  of  the  defense 
budget  in  the  system  mission  area  which  the  projected  system  will  require. 

V.  SYSTEMS  ACQUISITION  STRATEGIES 

The  systems  acquisition  process  exerts  a  major  influence  on  the  development  and 
production  cost,  and  significantly  impacts  the  effectiveness  of  the  system  and  its  follow- 
on  operations  and  support  cost.  The  process  itself  is  one  of  the  major  cost  drivers, 
strongly  impacts  the  engineering,  design  effort,  and  warrants  serious  consideration  in  any 
effort  to  reduce  life  cycle  cost,  or  in  a  discussion  of  the  subject. 

Figure  No.  9  provides  an  over-view  of  system  acquisitions  by  the  URAF,  plus  several 
commercial  programs,  over  five  decades.  This  chart  shows  the  int erel at i onsh i p  between 
basic  acquisition  goals  or  philosophies,  the  needs  of  the  time  era  in  relation  to  either 
peace  or  war.  the  type  of  system  acquisition  process,  and  the  program  start  date  for  a 
number  of  aircraft  systems.  The  top  port  ion  of  t he  chart  depicts  the  basic  goal s /oh i 1 oso- 
phies.  The  center  of  the  char1  describes  the  emphasis  given  to  various  tvpes  of  system 
acquisition  processes.  Aircraft  programs  started  during  each  of  t  lie  five  decades  are 
shown  in  the  bottom  half  of  the  chart  .  It  can  he  seen  that  a  number  of  these  programs  are 
prototypes  but  that  a  number  of  others  represent  the  initial  production  aircraft  under  a 
concurrency  approach.  The  process  used  varict  .  despite  the  dominant  philosophy  of  the 
t i me  pe rind . 

An  important  point  indicated  bv  this  chart  is  that  the  emphasis  between  a  prototype 
'fly  before  huv'  and  a  'concurrency'  philosophy  has  varied  hack  apd  forth  over  the  years. 
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although  of  course  never  in  the  exact  same  manner.  As  noted  later,  the  'flv  before  buv' , 
or  prototype  approach  offers  the  opportunity  to  obtain  flight  experience  on  critical 
portions  of  the  system  before  a  commitment  to  full  scale  development  or  production.  The 
objective  is  to  solve  all  of  the  basic  problems,  reduce  uncertainties,  and  sharpen  ability 
to  predict  future  performance  times  and  costs  for  the  subsequent  production  phase.  Despite 
the  advantages,  the  extensive  stretch-out  of  programs  resulting  from  such  a  step  approach , 
with  gaps  between  the  major  program  phases,  has  often  led  to  much  concern  about  producing, 
aircraft  that  are  technically  obsolescent.  This,  and  needs  dictated  by  war-time  urgencies 
have  led  to  various  concepts  to  reduce  the  gaps  between  the  major  program  phases,  or  to 
even  overlap  or  merge  these  phases  into  a  concurrency  concept.  Then,  after  experiencing 
the  extensive  and  expensive  problems  and  initial  system  inadequacies  introduced  bv  pre¬ 
mature  production, the  prototype  approach  regains  favor. 

Each  of  the  two  major  approaches,  the  prototype  and  the  concurrency  approach,  has 
many  advantages  and  disadvantages,  and  various  efforts  have  been  made  over  the  years  to 
modify  each  of  these  basic  concepts  to  maximize  its  advantages.  Much  consideration  has 
also  been  given  to  commercial  aircraft  development  experiences,  and  it  is  to  he  noted 
that  most  new  commercial  aircraft  are  now  developed  without  a  prototype  step.  The  need 
of  a  prototype  clearly  depends  upon  the  magnitude  of  the  differences  between  the  new  air¬ 
craft  and  its  predecessors  for  which  the  manufacturer  has  experience  and  the  basic  state 
of  knowledge  and  development  capabilities.  Choice  of  a  tailored  approach,  which  mav  involve 
a  prototype,  is  more  likely  to  provide  optimum  results. 

The  importance  to  botli  systems  effectiveness  and  costs  of  the  approach  to  systems 
acquisition  warrants  a  closer  examination  of  both  the  prototype  and  concurrency  philoso¬ 
phies  and  the  current  acquisition  process. 

Prototypes:  These  and  technology  demonstration  flight  vehnicles  offer  many 

advantages-  in'^solving  problems  and  reducing  uncertainties,  but  also  have  a  number  of 
disadvantages.  The  pros  and  cons  need  to  be  carefully  weighed  in  deciding  whether  the 
need  for  a  prototype  for  a  specific  system  under  consideration  warrants  its  cost.  With¬ 
out  question,  if  included  in  the  program  a  prototype  will  cost  money  and  time.  The 
question  is  whether  or  not  it  is  likelv  to  save  more  money  and  time  than  it  costs,  hv  elim¬ 
inating  costly  downstream  changes  in  production,  as  noted  hv  Kig.  Id. 

Prototypes  are  generally  advantageous  when  the  new  aircraft  represents  a  major  change 
from  previous  experiences  or  incorporates  substantial  new  technology.  Prototypes  before 
production  offer  significant  pay-offs  in  reducing  uncertainties  and  resolving  problems  in 
systems  integration  and  some  aspects  of  cost.  Another  major  advantage  is  the  value  gained 
bv  'exercising'  the  design,  manufacturing  and  test  team,  and  in  validating  the  engineering 
methods  used  in  the  design,  development  and  test.  This  hones  the  design  and  development 
capabilities  for  the  production  aircraft  and  future  developments.  Other  major  advantages 
Include  the  likelihood  of  using  more  advanced  technology  than  would  lie  possible  with  the 
lower  risk  program  demanded  for  an  initial  production  aircraft.  The  use  of  full  flv-bv- 
wire  flight  controls  in  the  YK-16  provided  an  important  bridge  between  laboratory  technol¬ 
ogy  and  the  follow-on  system  acquisition  program.  Had  the  program  not  included  a  proto¬ 
type.  It  is  highly  unlikely  that  this  technology  would  have  found  its  wav  so  soon  into 
production  and  operational  use.  Prototypes  also  offer  a  significant  .advantage  in  per¬ 
mitting  competition  through  a  Might  program.  Examples  of  recent  competitive  programs  are 
the  YA-9  vs  YA-10,  YK-16  vs  YF-17  and  the  AMST  YC-l't  vs  V 1 1  -  1  5 .  Of  these,  the  A-1UA.  E-ltiA  A 
the  Navy  F-18,  which  was  derived  from  the  YF-17A,  have  entered  production.  In  contrast, the 
the  high  cost  of  FSD  and  production  generally  precludes  competition.  Prototypes  provide 
relatively  quick  and  low  cost  development  and  flight  experience.  The  confidence  gained  is 
often  critical  to  a  decision  to  proceed  into  FSD  or  production. 

Disadvantages  also  exist,  and  it  is  important  to  understand  the  real  need  for  the 
prototype  and  assure  that  the  objectives  proper lv  reflect  these  needs.  The  limitations 
of  the  prototype  approach,  which  may  introduce  many  short-cut  methods  not  applicable  to 
a  production  program  and  not  include  all  aspects  of  the  complete  system,  need  to  bo  fullv 
understood  and  given  adequate  visibility  in  order  to  preclude  a  false  sense  of  security 
following  a  successful  prototype  effort. 

The  flight  prototype  has  often  been  viewed  as  necessary  to  validate  the  basic  flight 
vehicle,  hut  not  the  entire  system.  In  the  past  ,  the  flight  vehicle  was  often  considered 
Co  be  the  critical  element  in  the  system,  since  it  represented  an  integration  of  manv  of 
the  basic  technical  disciplines  involved  in  flight  systems,  such  as  aerodynamics,  structures, 
propulsion,  flight  control,  the  cockpit  ,  pilot  and  the  avionics  required  for  flight  .  Post  - 
ponement  of  adequate  consideration  to  military  mission  avionics  and  armament  in  early 
prototypes  often  delaved  achievement  of  a  military  capability  because  of  inadequacies 
and  delays  in  completing  development  and  integrating,  these  essential  elemints  of  a  military 
s v s tern. 


One  of  the  major  disadvantages  of  the  prototype  approach  is  t  tie  gap  that  results  in 
the  program  engineering  and  manufacturing  activities  during  the  time  the  prototype  is 
being  tested,  and  later,  while  awaiting  a  decision  on  whether  or  not  to  proceed  into  full 
scale  development  or  production.  The  extension  of  total  time  from  initiation  of  the 
system  to  deployment  because  of  such  gaps  is  a  subject  of  increasingly  great  concern,  and 
nroperlv  so.  This  will  hr  discussed  in  more  detail  in  t  lie  newt  sect  :  si.  \t  i  ■  >  •  '  >  r  n.  ■  I 
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INCREMENTAL  APPROACH:  The  growing  systems  sophistication,  and  the  inadequacies  of 
flight  vehicle  prototypes  which  led  to  the  introduction  of  the  'Systems  Concent'  during  the 
earlv  1950' s  was  n.oted  on  Pagp  4.  'rhis  total  approach  to  systems  development,  while  not 
negating  the  use  of  a  flight  prototype,  generally  required  the  rapid  availability  of  addit¬ 
ional  flight  vehicles  in  order  to  permit  completion  of  the  aircraft  performance,  structures, 
propulsion,  flight  control,  avionics  and  armament  system  tests  within  a  reasonable  time 
period.  Since  the  production  of  3  -  13  prototypes  required  production  quality  tools,  al¬ 
though  limited  in  scope,  the  initial  batch  of  aircraft  using  these  concepts  are  more  aptlv 
termed  initial  or  low  rate  production  aircraft.  The  problem  with  this  approach  with  gaps 
between  the  steps,  is  shown  by  the  Figures  11,13  A  1  3  on  the  'Acquisition  Cycle'.  The 
program  gaps  associated  with  an  incremental  approach  involving  two  prototypes,  follow¬ 
ed  bv  a  flight  test  program  and  assessment,  aida  limited  quantity  of  'Full  Scale  Develop¬ 
ment1  aircraft  for  test  and  evaluation  prior  to  initiation  of  production  for  inventory 
aircraft  clearly  extends  the  time  to  achieve  an  operational  capability.  Further,  the 
major  fluctuations  in  manpower  loadings  to  accomplish  the  separated  phases  results  in  loss 
of  highly  knowledgable  people  to  other  activities  during  the  gaps  in  the  process,  with 
resulting  inefficiencies.  Figure  14  compares  military  and  commercial  rate  build-ups. 

The  incremental  approach  does  offer  some  appeal.  It  tends  to  hound  the  Government 
risk,  provides  time  to  learn  and  evaluate  prior  to  the  next  step,  and  allows  for  incorp¬ 
oration  of  changes, discovered  necessary  bv  tests,  in  the  next  phase  of  the  program.  It 
avoids  some  wasted  effort  in  premature  planning,  tooling,  and  in  establishing  production 
lines  for  the  next  phase.  If  the  step  approach  eliminates  all  of  the  basic  problems  be¬ 
fore  proceeding  into  production,  excessive  retrofit  costs  can  be  eliminated.  The 
experience  obtained  during  these  steps  also  provides  data  and  improves  the  ability  to 
predict  cost,  schedules  and  performance  of  the  next  step.  Further,  the  whole  concept 
provides  a  more  conservative  approach  in  obtaining  Congressional  approval  and  avoiding  the 
criticism  engendered  by  a  more  risky  approach.  However,  all  of  the  hoped-for  benefits 

from  this  process  may  not  occur,  because  the  evolving  threat  is  more  apt  to  require 

changes  in  the  system  as  a  result  of  the  stretched  out  program  steps.  The  cost  of  the 
gaps  in  the  development  process  in  terms  of  manpower  loadings  and  loss  of  skill 
retention  can  more  than  compensate  for  the  advantages  gained  by  the  step  learning 

process.  The  cost  of  the  gaps  mav  exceed  the  cost  of  producing  low  production  rate  new 

aircraft  in  a  continuous  program. 

Concurrency :  The  concept  of  concurrency,  which  means  that  long  lead  time  production 

procurements  arul  other  activities  are  initiated  prior  to  completion  of  the  prototype  or 
full  scale  engineering  development  is  one  that  has  periodically  been  the  preferred 
acquisition  strategy.  F.ven  when  out  of  favor  during  the  1970  decade,  it  was  still  utilized 
for  some  system  acquisitions  such  as  the  Trident  program.  Concurrency  offers  manv  advant¬ 
ages,  but  also  has  a  major  disadvantage  which  at  various  times  has  led  to  it  being  much 
disfavored.  These  are  shown  below: 

Advantages 

o  Provides  a  powerful  focus  for  all  aspects  of  the  program. 

o  Permits  a  smooth  transition  from  development  to  production. 

o  Pushes  earlier  design  maturity,  and  minimizes  the  acquisition  time  span  to  deploy¬ 
ment,  as  shown  by  Fig  15  for  commercial  programs,  most  of  which  ut i l i zed  concurrency. 

o  Drives  the  total  system  (hardware,  training,  logistics,  supports,  etc.l  to 
early  operational  deployment. 

o  Reduces  costs,  when  properly  done. 

o  Provides  a  workable  solution  for  the  3  vear  plus  lead  time  for  critical 
materials,  machine  tools  and  forgings. 

o  Provides  earlv  visahilitv  of  production  rate  problems. 

Pi sadvant ages : 

o  Starts  of  production  before  completion  of  engineering  development  greatlv 

increases  risk  from  unforeseen  technical  problems,  requiring  correction  during 
production  or  operational  service  at  great  expense. 

As  a  result  of  technical  problems,  cases  exist  wherein  the  concurrency  approach,  without 
inclusion  of  a  prototype,  actually  resulted  in  a  large  number  of  production  'prototypes' 
rather  than  operational  aircraft. 

Technology  Demonstrators  and  Systems  Acquisition  Strategy  -  A  possible  solution  to 
the  prototype  issue  is  tlTe  use  oT  technology  demonstrators  to  provide  the  integration  and 
demonstration  required  to  mature  high  payoff  new  technology  for  application  to  a  system. 
These  can  he  less  costly  and  quicker  to  accomplish  than  the  prototype  for  a  new  system 
They  could  he  initiated  as  needed  to  resolve  the  technical  uncert ai ni t i es  and  provide  a 
credible  assessment  of  the  technology  pavoff  independent  of  the  manv  issues  facing 
initiation  of  a  new  system,  thus  providing  valuable  lead  time.  With  the  technology,  and 
some  of  the  important  cost  issues  resolved  bv  the  demonstrator,  the  system  development 
could  be  started  with  more  confidence  on  a  concurrency  or  'tailored'  acquisition  approach 
The  cost  savings  accrued  thru  elimination  of  gaps  in  the  system  program  could  pav  for  the 
technology  demonstrator  cost  bv  manv  factors. 
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A  basic  issue  confronting  initiation  of  subsystem  and  flight  vehicle  technology 
demonstrators,  usually  conducted  under  the  Air  Force's  advanced  development  program,  is 
determining  whether  the  need  and  potential  payoff  for  the  new  technology  justifies  the 
cost  involved  in  a  highly  competitive  limited  fund  area.  Although  less  costlv  than  a 
system  prototype,  the  cost  is  not  trivial,  and  may  often  run  some  30  to  100  million  dollars. 
As  can  be  expected,  expenditures  of  this  magnitude  receive  very  careful  consideration 
throughout  the  funding  system,  and  are  not  easily  approved  unless  there  is  a  clear  well 
established  need. 

'Proof'  of  a  clear  need  is  aggravated  by  the  some  3  to  6  vear  lead  time  required  for 
the  technology  demonstration  to  be  complete  in  time  for  use  bv  the  system.  The  need 
is  seldom  clear  that  far  ahead.  Yet,  the  decision  to  applv  the  technology  to  a  new  svstem 
or  go  with  a  more  concurrent  systems  development  in  lieu  of  a  prototype  with  costlv  gaps 
in  the  system  program  may  well  hinge  on  the  knowledge  and  confidence  gained  by  a  technologv 
demonstrator . 

Application  of  'fly-by-wire  flight  controls  in  the  YF-16,  the  ride  control  (load 
relief, mode  stabilization  vanes) in  the  B-l,  and  the  current  series  of  advanced  engines 
now  in  use  are  recent  examples  of  technology  demonstrators  paving  the  way  for  application 
of  advanced  technology.  In  these  cases,  serendipitv  helped  and  the  demonstrations  were 
completed  just  in  time  for  systems  application. 

The  enormous  cost  of  gaps  and  delavs  in  a  system  program  which  could  be  avoided  by 
the  right  type  of  technology  demonstrators  stronglv  suggest  that  a  planned  strategy  of 
'targeting',  and  supporting  high  payoff  technology  programs  to  be  sufficiently  completed 
prior  to  the  definition  phase  decisions  for  a  new  system  would  pav  major  dividends  in 
both  cost  reductions  and  systems  capabilities.  It  should  not  be  expected  that  all 
successfully  demonstrated  technologies  and  the  anticipated  system  will  come  together  at 
the  targeted  time.  The  planned  system  mav  not  'materialize',  or  the  technologv 
may  not  offer  the  hoped  for  payoffs,  but  the  value  of  the  'hits'  will  more  than  make  up 
for  the  strike-outs.  Further,  the  addition  to  the  technology  base  will  likelv  be  of 
value  to  other  programs. 


Current  Acquisition  Steps  :  As  a  result  of  A-109,  key  'milestone'  reviews  have  been 
established  as  a’basis  for  the  acquisition  steps  shown  below: 

Milestone  0-  Program  initiation,  concent  development,  and  evaluation  of  altern¬ 
ative  systems. 

Milestone  I-  Demonstrations  and  validation  of  one  or  more  alternative  systems. 

Milestone  H-  Full  scale  engineering  development / l imi ted  production 

Milestone  HI- Rate  production  and  deployment 

Each  of  the  milestones  involves  an  intensive  DRARC  review  before  proceeding  with  the  next 
phase  of  the  program.  The  Milestone  I  review  will  also  determine  whether  or  not  a  proto¬ 
type  aircraft  or  a  demonstration  engine  or  set  of  avionics  should  be  accomplished  before 
proceeding  into  full  scale  development  (FSD) .  The  evolving  process  is  incorporated  in  the 
most  recent  issue  of  DOD  Directive  5000.1. 

Figure  6  showed  the  current  five  phases  of  a  major  svstem  acquisition  program  in 
relation  to  the  new  Defense  System  Acquisition  Review  Council  (DRARC)  reviews  and  A-100 
milestones.  A  basic  challenge  will  be  to  assure  that  this  process,  which  can  result  in 
delays  in  starting  a  new  prototype  or  full  scale  development  is  not  implemented  so  as  to 
needlessly  extend  the  total  time  required  to  achieve  an  operational  capability  after 
identification  of  the  threat  and  need.  The  continual  changing  environment,  and  new 
assessments  of  the  threat,  needs,  and  affordable  costs  as  the  program  proceeds  can  lie 
devastating  to  an  overly  stretched  acquisition  program. 

VI.  PRELIMINARY  DESIGN/MISSION  ANALYSIS 

The  preliminary  design  process,  in  conjunction  with  mission  analyse:,  represents  one 
of  the  most  powerful  tools  available  for  reducing  I.CC  and  providing  kev  answers  for 
systems  development.  The  design  nrocess,  shown  on  Figure  lb.  is  a  kev  phase  of  the  systems 
acquisition  process,  both  in  exploring  alternatives  in  the  conceptual  phase  and  in 
defining  the  system  after  initial  go-ahead. 

The  process  provides  a  highly  effective  technique  for  the  continual  assessment 
of  new  threats  and  mission  needs,  conceptual  new  systems,  parameter  sensitivities  and 
interactions,  impact  of  uncertainties,  technical  needs  and  the  input  of  new  technologies, 
both  prior  to  the  validation  of  the  MENS  for  a  new  svstem  and  in  the  conceptual  phase  of 
the  system  acquisition  program.  For  either  use,  it  provides  a  superb  learning  opportunity 
for  understanding  the  many  interrelations  involved  between  the  threat  ,  operational  needs, 
systems,  technologies,  production,  operation  support  and  cost  factors.  It  facilitates 
and  provides  a  basis  for  meaningful  communications  between  the  engineers,  managers,  and 
specialists  in  the  laboratories,  svstem  development  organizations,  cost  analysts,  logis¬ 
ticians  and  operational  personnel. 

Terminology  varies,  and  I  am  using  the  term  'preliminary  design'  in  t  lit'  broad  sense 
to  include  the  entire  conceptual  and  preliminary  design  and  development  process  up  to  the 
point  of  configuration  ’freeze'  and  t he  decision  to  proceed  with  a  detailed  lesicn  and 
preparation  of  drawings  for  hardware  fabrication.  Figure  1'  show-,  the  duration  of  typical 
preliminary  design  activity  in  relation  t.-  the  current  DSARf  and  milestone  reviews. 
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The  AGARD  Flight  Mechanics  Panel  has  long  been  concerned  with  aircraft  design  and 
technology  integration.  In  recognition  of  the  increasing  concerns  about  rising  system  costs, 
the  Panel,  in  October  1971,  initiated  planning  for  a  meeting  to  review  the  role  of  the 
preliminary  design  process  in  improving  quality  and  reducing  aircraft  acquisition  and 
operation  cost.  The  symposium  on  Aircraft  Design  and  Optimization  was  conducted  in  October 
1973  and  results  are  published  in  AGARD  Conference  Proceedings,  CP  No.  147.  During  this 
meeting  approximately  120  highly  experienced  aircraft  designers,  managers,  cost  experts, 
and  operators  discussed  use  of  the  preliminary  design  process  and  shared  experiences, 
methods,  and  ideas  for  optimizing  system  characteristics  and  reducing  cost  of  development, 
production,  operation  and  support. 

The  process  has  evolved  significantly  over  the  vears ,  and  consideration  is  now  given 
not  only  to  the  classical  flight  vehicle  areas  of  aerodynamics ,  structures,  propulsion, 
flight  control,  subsystems,  and  avionics,  but  also  to  other  critical  areas,  such  as 
maintainability,  supportability ,  operational  availability,  and  costs.  Life  cycle  cost  is  now 
a  basic  design  parameter,  and  the  system  characteristics  must  be  decided  on  the  basis  of 
mission  needs,  performance  capabilities,  timing,  and  life  cvcle  costs. 

The  preliminary  design  and  development  process  includes  numerous  iterative  paper  and 
computer  configuration  and  system  analyses,  studies  and  design  layouts,  supplemented  bv 
testing  as  necessary,  to  optimize  trades  between  requirements,  available  technology, 
timing,  and  cost.  Rapid  progress  in  digital  computers  has  led  to  a  revolution  in  the  use 
of  computerized  analysis  and  design  techniques.  These  permit  the  examination  of  thousands 
of  possible  designs  and  clearly  facilitate  manv  trade- offs  required  to  optimize  the 
system  capabilities  and  cost.  Accuracy  of  analysis  methods  has  improved  steadily  over 
past  years,  yet  results  of  pure  'paper  analyses,'  sometimes  used  for  decision  making 
purposes,  must  be  considered  'suspect'  unless  adequate  assurances  exist  that  the  assumpt¬ 
ions  made  in  preparing  the  analytical  model  are  fully  valid  for  the  new  design  being 
analyzed.  Since  the  new  design  obviously  includes  configuration,  flight  environment,  or 
operational  usage  improvements  in  order  to  warrant  its  development,  it  is  likely  that  the 
analytical  models  which  were  developed  and  validated  from  previous  design  efforts  will 
introduce  some  errors  when  applied  to  the  new  design.  Thus,  in  contrast  to  'paper 
studies,'  the  developmental  tests  involved  in  the  preliminary  design  process  provide  a 
markedly  different  degree  of  confidence  and  progress  toward  a  real  airplane. 

Key  Tasks :  Some  of  the  numerous  key  basic  tasks  accomplished  by  use  of  the 
preliminary  design/mission  analysis  process,  both  as  a  part  of  systems  acquisition  or 
prior  to  the  identification  of  a  system  need  are  shown  below: 

1.  Analysis  of  the  threat  and  mission  needs. 

2.  Analysis  and  trade-off  of  mission  and  system  requirements  with  potential 
system  capabilities. 

3.  Development  and  synthesis  of  systems  options  to  meet  needs. 

4.  Identification  and  resolution  of  system  integration  problems. 

5.  Design  to  consider  manufacturing,  operational  deployment,  and  field 
support  needs,  and  total  performance  time  LCC  trades. 

6.  Determination  and  assessment  of  technology,  time,  and  cost  uncertainties. 

7.  Identification  of  technical  gaps  or  barriers  requiring  solution. 

8.  Assessment  of  the  payoff  from  application  of  new  technology. 

Impact  of  Systems  Development  and  LCC:  The  conceptual  and  preliminary  design  phase 
of  a  new  system  exerts  a  major  Impact  on  the  subsequent  system  capabilities  and  cost. 

Figure  2  shows  the  leverage  involved  In  this  phase  compared  to  the  total  development  , 
acquisition  and  ownership  cost  of  a  new  system.  The  preliminary  design  process  in  this 
case  included  synthesis  of  i  large  number  of  potential  configurations  and  substantial 
wind  tunnel  tests,  as  well  as  design  of  the  selected  configuration.  Yet,  it  constituted 
only  a  very  small  portion  of  the  total  life  cvcle  cost  of  the  system  -  less  than  one  half 
of  one  percent  (0.57,,).  Since  this  system  is  still  operational,  the  percentage  cost  of 
the  design  portion  is  going  down  even  further  each  year.  Figure  18  which  is  familiar  to 
many,  points  out  that  some  70  percent  of  the  final  life  cvcle  cost  of  a  system  will 
essentially  be  predetermined  bv  the  system  characteristics  determined  and  the  decisions 
made  during  the  preliminary  design  process  bv  DSARC  T  and  857  bv  DSARC  IT. 

The  early  phase  of  the  design  process  can  he  invaluable  when  used  in  conjunction 
with  systems  and  operational  analyses  in  assessing  optional  systems  to  meet  mission 
requirements,  impact  of  uncertainties,  the  pavoff  of  new  technologies,  and  the  cost  of 
achieving  various  levels  of  capabilities  as  a  function  of  different  scenarios.  Trade¬ 
offs  can  he  made  to  determine  the  best  solution  to  the  total  set  of  needs.  Later  phases 
of  the  process  define  the  total  system  design,  test  and  contractual  requirements  in 
relation  to  all  of  the  needs  and  technical,  development,  production,  operational,  support 
and  cost  considerations,  and  provide  a  basis  for  proceeding  into  the  detailed  designs  for 
hardware  fabrication  and  system  hardware  development. 

Explorat ion^ of  New  Systems,  LCC  and  Mission  Effectiveness  The  preliminary  system 
des  ign/mfssTon  anaTvsTs  process  can  Tie  TiTgliTv  ofTectTve  in  developing  now  system  concepts 
and  in  evaluating  optional  solutions  to  projected  mission  needs  in  a  wide  variety  of 
potential  scenarios.  The  result  can  he  a  valuable  asset  in  providing  the  foundation  for 
the  pre-milestone  0  activity  bv  assessing  needs  and  evolving,  concents  for  solutions  t o 
both  the  military  needs  and  reduced  life  cvcle  costs.  fThe  pro -mi les t one  D  process,  how- 
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ever,  is  not  intended  to  express  the  need  in  terms  of  performance  of  a  specific  desired 
system.)  The  basic  design  process  can  be  utilized  as  a  valuable  tool  in  identifying 
technical  gaps  and  in  assessing  the  value  of  R&D  programs  independent  of  the  svstcra 
acquisition  process.  Conceptual  future  system0  can  be  developed  on  the  drawing  board  and 
used  as  the  basis  for  continuing  interaction  between  the  technologist  and  the  military 
operators  in  evaluating  new  concepts  and  assessing  potential  solutions  to  operation  needs. 

Substantial  progress  has  been  made  during  the  past  decade  in  evolving  the  preliminary 
design  process  from  one  primarily  associated  with  the  flight  vehicle  system,  Figure  1  h 
to  one  that  includes  all  aspects  of  a  system  and  its  development,  manufacture,  operation 
and  support.  The  conceptual  phase  of  the  process  has  also  evolved  as  an  effective  means 
of  trading  off  mission  capabilities  vs  systems  characteristics  and  costs,  and  of  evalua¬ 
ting  the  payoff  of  applying  new  technologies  emerging  from  laboratory  and  industry 
research  and  development  programs. 

A  major  study  program  conducted  several  "years  ago  utilized  a  combined  operations 
analysis,  threat  scenario,  mission  need,  preliminary  design,  and  cost  analysis  process 
on  an  iterative  basis  to  explore  the  relative  merits  of  alternative  system  concepts  and 
to  assess  the  value  of  various  arrays  of  new  technologies.  A  schematic  of  one  of  the 
processes  used  is  shown  in  Figure  19  .  Tvnical  system  options  examined  bv  this 
process  as  shown  by  Figure  20,  were  based  on  computer  aided  design  methodologies  to 
synthesize  systems  with  many  alternative  mixes  of  new  technologies, assess  cost,  and 
determine  mission  effectiveness  against  a  wide  variety  of  scenarios.  This  permitted  an 
evaluation  of  both  the  new  system  concepts  and  technology  mixes  in  terms  of  military 
mission  criteria,  such  as  cost  for  a  target  kill,  number  of  targets  killed  for  a  given 
force  strength  or  for  a  fixed  investment  in  the  new  system,  systems  lost  per  target  kill, 
and  so  forth.  These  studies  also  provided  assessment  of  technologies  in  terms  of  the 
more  conventional  payoff  criteria, such  as  aircraft  weight,  aerodynamic  L/D,  structural 
weight  fraction,  and  system  development,  production  and  operational  cost. 

The  higher  order  synthesis  represented  bv  the  above  process  involves  manv  complex 
and  interdependent  relationships.  Credible  outputs  require  probabilistic  consideration 
of  all  significant  parameters  and  identification  of  the  sensitivities  of  the  manv  inputs 
and  assumptions  made  in  the  process.  Increased  complexity  normally  results  in  higher 
engineering  and  computer  costs  and  a  degradation  in  the  ability  to  perceive  all  of  the 
cause  -  effect  re lat ionsh ips , and  care  must  be  taken  to  assure  full  consideration  of  the 
problems.  Inclusion  of  methods  to  estimate  combat  effectiveness  and  cost  as  part  of  the 
basic  sizing  and  performance  analysis  provides  a  direct  relationship  between  mission 
effectiveness  measures,  costs  and  the  basic  design  variables  noted  above.  The  number  of 
variables  which  must  be  analyzed,  understood  and  provided  traceability  in  terms  of  their 
effect  on  the  results  is  clearly  increased  as  shown  by  Figure  M  When  a  large  number 
of  possible  new  technology  sets  and  multiple  mission  scenarious  are  added  to  the  problem, 
the  number  of  parameters  becomes  enormous. 

Reference  No. 20  notes  that  traditional  parametric  analysis  becomes  impractical, 
since  a  problem  with  only  four  variables  requires  256  data  cases  and  16  carpet  plots  to 
determine  the  interactions  between  the  variables.  This  reference  discusses  the  experience 
of  one  major  system  contractor  in  tack  1 i nr  the  kind  of  problem  noted  above  and  examining 
techniques  for  handling  the  large  number  of  design  effectiveness  and  cost  parameters. 

After  considering  the  high  computational  cost  involved  with  direct  numerical  methods 
using  constrained  optimization  algorithms,  the  author  recommends  an  approach  which 
employes  mul t i - layer ing  regressions  for  problem  simplification.  The  use  of  computer 
routines  for  surface-fit  regressions  and  optimizations,  and  mul t i -vari able  data  management 
techniques  were  found  to  provide  adequate  accuracy  during  the  conceptual  design  process, 
with  a  factor  of  10  reduction  in  analysis  cost. 

Extension  of  the  conceptual  and  preliminary  design  process  with  these  types  of 
analysis  can  be  expected  to  result  in  the  evolution  of  a  number  of  effective  techniques 
to  handle  higher  order  systems  and  LCC,  problems,  simplify  the  effort,  reduce  cost  per 
analysis  and  improve  results.  A  major  challenge  is  to  fully  exploit  the  ever  increasing 
new  computational  capabilities,  but  at  the  same  time  not  lose  the  understanding  and 
innovation  traditionally  part  of  the  design  process  when  the  engineer  did  it  all. 

Assessment  of  New  Technology  !'se  of  the  preliminary  design/mission  analysis  process 
provides  a  powerful  meThoil  for  assessing  the  value  of  new  technology,  both  during  and 
independent  of  the  systems  acquisition  programs.  Tt  facilitates  an  excellent  under¬ 
standing  of  the  interrelationships  between  mission  capabilities,  system  performance  and 
characteristics,  kev  system  parameters,  and  I.CC.  It  can  identify  the  value  of  new 
technologies  and  quantify  the  pavoff  of  those  having  major  impact  on  the  system  performance, 
cost  and  mission  capabilities.  The  process  can  be  applied  to  examine  mollifications  of 
existing  systems  as  well  as  potential  new  systems.  Since  the  entire  system  design  can  he 
considered,  this  methodology  provides  an  effective  means  of  avoiding  sub-optimization  in 
the  selection  of  new  research  and  development  programs.  This  is  done  bv  interrelating, 
the  value  of  the  technology  to  the  system  design  parameters  bv  use  of  baseline  designs 
with  and  without  the  new  t echnologies .  The  design  parameters  are  related  to  the  system 
characteristics,  cost. and  in  turn  to  system  performance  capabilities.  Mission  and  opera 
t ional  analyses  relate  the  system  performance  to  both  single  and  multi-system  mission 
capabilities  in  different  combat  scenarios.  It  is  thus  possible,  within  the  depth  and 
accuracy  of  the  analysis,  to  quantify  the  pavoff  of  sets  of  technologies  and  new  system 
concepts  in  terms  of  mission  effectiveness  criteria 
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The  degree  to  which  technologies  can  be  quantified  is  limited  bv  the  extent  of  the 
analysis,  but  the  process  generally  will  identify  and  quantify  the  technologies  which 
exert  a  first  order  effect  on  flight  vehicle  size.  It  can  also  quantify  technologies 
that  are  highly  significant  to  mission  success,  for  example  a  high  resolution  SAR  to  locate 
tanks  under  adverse  weather  conditions.  The  value  of  many  other  technologies  will  simply 
now  show  up  in  the  mission  effectiveness  or  cost  analysis,  even  though  qualitative  judgments 
indicate  that  they  do  contribute  to  system  and  mission  effectiveness  or  cost  reductions. 
However,  the  process  does  provide  an  effective  framework  which  relates  the  characteristics 
and  effectiveness  of  optional  system  designs  to  the  military  mission  needs  for  a  number 
of  different  scenarios. 

Use  of  this  framework  for  more  specific  and  detailed  studies  of  technologies  which 
do  not  show  up  as  a  first  order  impact  provides  a  means  of  exploring  and  understanding 
their  value  in  relation  to  the  system  designs  and  mission  capabilities.  The  engineer 
developing  a  new  flat  plate  digital  display  to  replace  the  conventional  cathode  ray  tubes 
now  used  in  the  cockpit  clearly  understands  the  reduction  in  installed  volume  and  weight , 
and  the  improved  reliability  expected  from  the  new  display,  but  finds  it  difficult  and 
expensive  to  examine  impact  on  a  system  or  mission  capabi 1 i t ies .  Bv  use  of  the  design 
and  analysis  framework  noted  above,  he  can  use  detailed  cockpit  layouts  representative 
of  those  typical  of  a  new  system.  With  the  more  detailed  study  of  the  specific  area, 
the  payoff  can  better  be  quantified  and  related  to  the  overall  system  charac ter i s t i cs 
and  mission  capabilities. 

Opportunities  Remaining:  More  recent  emphasis  on  the  front  end  of  the  acquisition 
process  should  result  in  increased  preliminary  design  effort.  Nevertheless,  there  are 
still  many  opportunities  for  increased  use  of  the  process  to  improve  system  effectiveness 
and  reduce  LCC.  For  one  thing,  continuous  use  of  the  conceptual  design  portion  of  the 
process,  coupled  with  system  analysis  and  application  of  new  technologies  will  provide 
early  identification  of  new  system  concepts, and  provide  an  effective  means  of  assessing 
the  value  of  new  technologies  and  the  total  cost  impact.  Further,  one  could  select 
technology  mixes  in  such  a  way  as  to  markedly  reduce  cost.  We  have  all  heard  of  a 
control  configured  vehicle,  (CCV) .  It's  now  time  for  a  cost  configured  system  (CCRl! 

It  takes  time  to  think  out  and  assess  the  best  solutions  to  projected  problems. 

The  design/analysis  process  is  very  inexpensive  in  comparison  to  the  cost  of  a  new  system, 
but  it's  initiation  after  the  military  need  is  validated  gives  relatively  little  time 
to  fully  understand  the  need  and  develop  the  best  solution.  Ideally,  the  spectrum  of 
projected  needs  should  be  continually  bracketed  by  analyses  to  provide  understanding  of 
the  interactions  between  projected  threats,  possible  system  solutions,  technologies  and 
costs.  Then, when  the  need  is  validated,  a  sound  foundation  exists  for  accomplishing  the 
system  design  in  a  relatively  short  time.  This  would  help  reduce  svstem  acquisition 
time,  as  well  as  helping  to  avoid  problems  and  reduce  LCC. 

VII  OPERATIONS  AND  SUPPORT  COST: 

Some  60%  of  Air  Force  costs  are  now  expended  in  the  Operations  and  Support  (O&S 
activity.  Programs  to  reduce  costs,  as  noted  earlier,  have  recognized  the  importance  of 
obtaining  a  better  O&S  cost  data  base  as  a  prerequisite  to  the  establ isment  of  meaningful 
DTLCC  objectives.  Nevertheless,  a  number'of  specific  quantitative  requirements  have  been 
established  for  improvements  in  the  O&S  area.  These  include  specific  goals  and  quantities 
for  maintenance  man  hours  per  flight  hour  (MMH/FH)  and  reliability  improvement  warranties 
(RIW's).  Efforts  are  also  underway  to  improve  the  data  base  and  augment  logistic  research 
activities  in  order  to  improve  understanding  of  the  total  process  as  projected  over  the 
next  decade,  and  pave  the  way  to  the  identification  and  implementation  of  specific  actions 
to  contain  or  reduce  O&S  cost. 

O&S  cost  drivers  are  numerous,  and  range  from  the  nature  of  the  process  itself  to  the 
operational  characteristics  and  support  needs  of  a  specific  svstem.  A  number  of  para¬ 
meters  which  exert  a  significant  influence  on  O&S  cost  are  shown  below 

Logistics  maintenance  level  and  .supply  concept. 

Facility/spare  part  locations. 

Manpower  ski  1 Is/product ivi t v . 

Numbers  of  systems  to  be  serviced  and  maintained. 

Numbers  of  different  weapons  systems  and  separate  part  numbers. 

■  System  characteristics ,  complexity  and  uniqueness. 

System  inspection  and  test  concept. 

System  flying  time  and  re  1 i ah i 1  i t y/ fa i lure  rates. 

Understanding  of  cost  drivers,  such  as  above,  is  vital  for  the  evolution  of  lone  term 
solutions.  The  logistic  svstem  is  highly  complex,  and  since  some  60”  of  Air  Force  man¬ 
power  are  involved  in  the  logistic  process,  it  is  highly  sensitive  to  manpower,  personnel 
and  training  systems,  as  well  as  the  quality  of  the  systems  which  emerge  from  the  acquisi¬ 
tion  process.  While  many  types  of  logistic  studies  have  been  conducted,  the  resources 
devoted  to  logistics  research  and  development  of  a  systematic  understanding  of  the  entire 
logistics  process. and  its  interaction  with  the  ever  changing  environment  ami  all  other 
factors  related  to  the  support  of  systems  throughout  their  operational  life,  have  only 
represented  a  verv  small  percentage  of  the  total  RAD  activity.  As  a  result  considerable 
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emphasis  is  being  given  to  research  of  this  area. 

Higher  Order  Analysis:  Computer  analysis  capabilities  now  make  feasible  the  concept 
of  a  macro  anaTysis,  not  just  of  a  single  system  in  relation  to  the  O&S  process,  but  of 
the  total  set  of  systems  that  exist  at  any  one  time.  Such  a  'higher  order'  analysis 
would  also  deal  with  the  dynamic  nature  of  the  environment  and  the  changing  sets  of  systems 
and  characterist ics  which  exist  as  time  passes.  Such  an  analysis  would  provide  greater 
recognition  of  both  the  common  and  unique  activities  associated  with  the  different  tvpos 
of  weapon  systems  and  the  support  processes,  and  highlight  the  need  for  changes  in  t  lie 
basic  process.  During  acquisition,  each  System  Protect  Office  (SPOl  includes  representa¬ 
tives  from  the  logistics  and  operational  organizations  in  order  to  help  assun  full 
consideration  of  ONS  needs.  Trade  studies  to  identify  the  best  solution  arc  of  necessity 
forced  to  consider  the  ONS  process  and  ins  t  i  tut  ional  ized  procedures  as  thev  now  exist  . 
t'nique  system  innovations  are  limited  in  their  pavoff  to  that  possible  within  the  con¬ 
straints  of  the  ONS  process.  Better  understanding  of  this  process  will  permit  improved 
quantification  of  the  kev  aspects  relating  to  improved  operational  effectiveness  and 
reduced  ONS  costs.  This  will  pave  the  wav  for  major  improvements.  Figure  depicts 

tiii  s  concept  . 
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"se  of  advanced  technology  can  reduce  cost.  In  fact,  it  can  both  drastically  reduce 
cost  and  great lv  improve  capabilities  at  the  same  time.  The  modern  ccmputor  or  hand 
calculator  is  clear  evidence  of  t  tii s .  Figures. 't  and  ?\  show  the  striking  progress  in  this 
area.  If  it  can  be  done  here,  whv  not  for  complete  weapon  systems?  Whv  not  for  the  entire 
set  of  systems  and  processes?  Die  an1-'..’.'-  of  course  is  that  revolutionary  technical 
advances  are  not  being  made  in  1  areas.  Some  are  advancing  rapidlv,  especially  those 
that  exploit  the  major  advances  in  digital  integrated  circuit  technology.  Some  are 
relatively  mature,  in  need  of  a  new  breakthrough,  hut  are  advancing  to  some  extent.  The 
massive  RND  program  in  progress  throughout  much  of  the  world  is  advancing  technologies 
on  a  broad  front.  The  ability  t o  recognize  and  exploit  its  application  to  the  cost  problem 
is  perhaps  the  major  problem  confronting  the  use  of  new  technology  to  reduce  cost.  One 
of  the  significant  things  about  the  computer  revolution  was  the  recognition  and  exploita¬ 
tion  of  the  semi-conductor  technology,  and  in  turn,  the  continual  development  of  semi¬ 
conductor  device  technology  to  exploit  the  opportunities  offered  bv  the  new  market.  Hone¬ 
ful  lv.  the  new  logistics  research  activities  now  underway  will  help  identify  a  similar 
mutual  technology  and  market  exploitation  situation. 

Reduction  of  total  Life  Cycle  Cost  (lrC),  is  a  matter  of  much  emphasis  in  the  technol¬ 
ogy  development  program.  Cost  is  considered  to  be  a  kev  engineering  parameter  and  is 
given  emphasis  similar  to  performance.  Most  RM1  programs  reduce  cost  directly  or  indirectly, 
since  improved  capabilities  should  reduce  the  cost  to  accomn I i  .-h  nnv  specific  task. 

Reduction  of  cost  to  accomplish  a  military  task  does  not,  however,  necessarily  reduce  the 
peacetime  LCC.  A  missile  can  drastically  reduce  the  number  of  missions  or  aircraft  1:  sacs 
required  to  destroy  a  tiridge  in  wartime,  hut  missile  development  and  acquisition  represents 
a  major  slice  of  total  peacetime  acquisition  cost,  although  their  ONS  costs  is  a  smaller 
percentage  of  the  total  LCC. 

Technology  to  Improve  Basic  Capabilities  and  Reduce  Cost  Technology  developments 
include  many  generic  technology  effort s  to"Hevelbp  Improved"  engineering  tools,  innovative 
concepts  and  experimental  prototypes,  and  criteria  for  improved  subsystems  and  systems. 

The  engineering  tools  encompass  tectinical  prediction,  desie.n,  analysis,  and  test  methods, 
engineering  handbooks  and  data  compendiums ,  and  criteria  necessary  for  the  efficient 
design  of  more  effective  systems.  Some  of  this  work  is  directed  towards  acquiring,  cost 
data  and  developing  improved  analysis  methods.  Innovative  technology  developments  mav 
apply  to  a  wide  variety  of  systems  or  be  focused  on  more  specific  problems,  for  example, 
tactical  fighter  maneuverab i 1 i f v .  Other  technology  efforts  are  more  sharply  focused  on 
specific  aircraft  or  subsystem  problems  in  order  to  improve  effectiveness  of  systems  in 
service  or  under  development  .  The  wide  variety  of  new  technology  programs  provide  tlic 
basis  for  either  improving  performance  capability  or  the  manv  parameters  that  reduce  l.t'F. 

idle  choice  depends  on  how  the  technology  development  is  oriented  and  is  applied 
in  the  system  design  or  product  ion  and  n.sS  area.  As  an  example,  new  technologies  can  be 
utilized  to  reduce  size  or  gross  weight  for  the  same  mission,  or  improve  mission  capabili¬ 
ties  for  tiie  same  size  aircraft  .  liven  though  shortages  in  the  support  of  tectinical 
developments  aimed  primarily  at  reduced  LCC  have  led  to  concern  about  the  credibility  or 
LCC  reduction  technology  programs,  manv  approaches  have  been  exploited  in  an  effort  to 
reduce  LCC,  The  development  of  improved  engineering  tools  is  aimed  at  reducing  develop¬ 
ment  and  test  cost  and,  to  a  growing  extent  ,  maintenance  costs.  Innovative  structural 
concep' s  are  being  developed  to  utilize  advanced  materials  ip  a  more  effective  manner 
New  structure  t echno 1 og i cs ,  such  as  primary  adhesive  bonded  structures  of  metals  and 
advanced  composites,  i  liminatc  thousands  of  the  fasteners  normally  used  in  aircraft 
construction.  Hi  i s  eliminates  a  prime  source  of  corrosion  and  crack  initiation,  both 
expensive  maintenance  problems  Reduction  of  the  number  of  parts  in  the  structure  helps 
reduce  manufacturing  costs  Structural  design  and  manufacturing  processes  for  advanced 
composite-  and  r  i  r  an  i  urn  parts  are  aimed  at  t  lie  reduction  of  excess  material  waste  bv  use 
of  techniques  which  will  form  the  parts  close  to  the  finished  shape  without  extensive 
machining  operations,  thus  also  saving  expensive  machine  time. 

Similar  concept s  for  reducing  material  wastage  and  number'  of  parts  are  icing  exploited 
in  turbine  engine  design  bv  t  lie  development  of  technologies  which  reduce  the  number  of 
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blades  per  compressor  or  turbine  stage,  and  high  flow  technology  which  reduces  the  number 
of  stages  and  the  size  of  combustors.  The  simplifications  made  possible  by  advanced 
technology  not  only  reduce  costs,  but  improve  engine  efficiency  and  reliabilitv. 

In  the  avionics  area, the  utilization  of  large  scale  integrated  circuits  and  advanced 
devices  is  improving  the  inherent  reliability  of  avionics,  and  thus  should  reduce  future 
LCC.  Another  major  effort  is  aimed  at  the  development  of  standardization  with  flexihilitv. 
Efforts  range  from  development  of  basic  device  technologies  to  digital  system  architectures 
which  will  improve  standardization  of  system  elements  higher  order  language  CHOL)  usage 
and  associated  software. 

Thus,  the  basic  concepts  of  simplification,  reduction  of  numbers  of  parts ,  use  of 
inherently  reliable  components,  reduction  of  material  scrappage,  and  standardization  are 
providing  significant  opportunities  for  reduced  LCC.  These  and  other  strategies  for 
achieving  reduced  cost  are  shown  on  Figure  25  .  Several  of  the  manv  technology  develop¬ 
ments  under  way  to  directly  reduce  system  life  cycle  cost  and  improve  operational  Product¬ 
ivity  are  discussed  next. 

Manufacturing  Technology :  Aircraft  cost  is  increased  by  the  batch  nature  of  aircraft 
production .  Use  of  the  computer  as  an  aid  to  manufacturing  has  evolved  in  a  disjointed 
fashion,  resulting  in  a  proliferation  of  computer  software  and  hardware  that  has  in  manv 
instances  aggravated  problems  rather  than  assisting.  A  long  term  program  has  been 
initiated  to  apply  integrated  computer  aided  manufacturing  (ICAM)  systems  for  the  major 
functions  of  manufacturing,  in  order  to  increase  industrial  productivity  and  flexihilitv 
for  batch  production  of  defense  material.  The  program  will  first  address  the  "architecture" 
and  define  batch  manufacturing  developments  in  the  sheet  metal  fabrication  area  that 
promise  high  ROI's,  on  the  order  of  25 X  as  a  goal.  Figure  26  shows  the  basic  fields  of 
activity  now  being  pursued. 

Engine  Durability  and  Cost  Reduction:  Emphasis  is  being  given  to  reducing  engine 
maintenance  costs  and  spare  rates,  and  increasing  combat  readiness.  Substantial  progress 
is  expected  in  improving  the  durability  of  engine  structure  and  flow  path  components, 
the  reliability  of  control  systems,  and  the  techniques  for  monitoring,  automat ical lv 
diagnosing  and  isolating  faults  to  improve  detection  of  potential  failures,  and  to  maximize 
engine  life.  Specific  gains  expected  include  (1)  increased  transonic  blade  aerodynamic 
loading  capacity  of  rotating  machinery  to  reduce  the  number  of  engine  parts  and  minimize 
unit  costs  for  competitive  performance,  (2)  improved  engine  life  prediction  techniques 
and  definitive  criteria  to  upgrade  design  practices  and  relate  performance  growth  to 
changes  in  maintenance  costs  and  spare  rates,  (3)  integration  and  simplification  of  air¬ 
craft/engine  control  modes  to  simplify  field  trim  procedures  and  minimize  maintenance 
down  time,  and  (4)imoroved  damage  tolerant  design  practices,  fault  isolation  techniques, 
and  automated  diagnostic  techniques  to  maximize  engine  life  and  effectively  aoplv  "on 
condition"  maintenance  concents. 

Low  Cost  Titanium  and  Superalloy  Engine  Parts:  It  is  currently  necessary  to  buv 
approximately  20  times  the  raw  material  that  ends  up  in  a  finished  engine  part,  due  to 
limitations  in  fabrication  technology  and  the  need  to  remove  material  in  order  to  reach 
the  required  finished  shape.  A  number  of  technology  programs  are  aimed  at  improving  this 
situation.  For  example,  (1)  titanium  powder  technology  and  powder  metal lurgv  process 
developments,  such  as  hot  isostatic  pressing,  vacuum  hot  pressing,  and  powder  consolidation, 
are  being  examined  to  provide  a  307,  cost  reduction  in  titanium  compressor  discs,  (21 
technologies  involved  in  automation  of  the  directional  solidification  process,  and  scale- 
up  of  advanced  coating  processes  are  being  applied  to  develop  an  improved  manufacturing 
process  that  will  reduce  cost  of  directlv  solidified  superallov  turbine  airfoils  bv  40":, 
and  (3)  superallov  turbine  disc  technology  development  is  aimed  at  reducing  cost  50" 
through  use  of  superallov  powder  production  techniques  to  produce  near  net  shapes  requir¬ 
ing  minimal  machining. 

Avionics  Device  Technology:  This  fast  advancing  area  provide* the  microelectronic, 
solid  state  devicei ,  and  circuit  components  such  as  magnetic  bubble  memories,  high  speed 
logic  devices,  charge  transfer  devices,  amplifiers,  etc.  which  underlie  the  major  advances 
in  computers  and  avionics.  A  major  effort  is  aimed  at  the  reduction  of  Life  Cvcle  Cost 
through  improved  reliabilitv,  reduced  size,  weight  and  power  requirements,  and  the  develop¬ 
ment  of  commonality  and  standardization  in  utilization  of  microelectronics.  Application 
of  these  devices  includes  virtually  all  aspects  of  aircraft  avionics.  Major  thrusts  are 
aimed  at  technology  for  Large  scale  integration  (LSI)  vorv  high  speed  integrated  circuits. 
(VHSIC) ,  logics  and  memories. 

Crvo  coolers  required  for  use  with  IR  detectors  and  other  devices  have  been  a  source 
of  frequent  field  problems.  In  addition,  current  coolers  varv  in  type,  thus  complicating 
■the  maintenance  problems.  Adv  cnees  in  high  reliabilitv  cooling  technology  have  led  to 
the  development  of  a  new  standard  crvo  cooler  based  on  the  Vuilleumier  design,  which  is 
unique  in  not  requiring  moving,  seals  It:  '-as  a  lower  life  rvcle  cost  and  a  ln  1  higher 
MTBF. 


Integrated  Technologies  Development  of  advanced  integrated  technology  capabilities 
can  expToit  synergistic  effects  to  reduce  I.f  t. .  Identification  of  potential  high  payoff 
areas  for  technology  integration  is  explored  hv  study  of  exist ing  and  possible  advanced 
systems.  Sets  of  technologies  offering  potent  ial  high  payoff  and'or  cost  reduct  ion  are 
identified  for  demonstration  to  work  out  i  nt  eract  iorn  and  evaluate  real  capaMlit  ic 


Propulsion  systems  exert  a  major  effect  on  svsrem  performance  and  on  LCC.  Prepress 
in  integrated  turbine  engine  technology  is  graphically  shown  bv  Figure  77  which  compares 
thres  generations  of  engines  each  having  apnroximatel v  the  same  thrust.  The  8:1  thrust 
ratio  of  the1  F-100,  F-101/F-404  class  engines  represent  a  100’  improvement  over  previous 
fighter  engines.  Projected  engines  show  11  to  17:1  thrust  to  weight  ratios. 

Some  of  the  concepts  being  investigated  and  developed  at  the  component  level  were 
noted  earlier.  When  these  and  others  are  combined  in  a  new  engine,  the  result  can  he 
improved  specific  fuel  consumption  with  reduction  of  mechanical  complexity,  e .  g .  ,  ('ll 
fuel  consumption  will  be  reduced  both  at  the  high  thrust  settings  for  maneuver  and  the 
lower  settings  for  cruise  flight.  As  with  aircraft,  the  engine  designer  can  utilize  the 
new  technology  in  a  variety  of  ways  to  maximize  the  performance  or  other  characteristics 
that  are  most  important.  In  some  10  years, technology  will  permit  the  designer  to  choose 
either  significantly  improved  performance  or  reduced  LCC  or  some  of  both.  Improved  l.CC 
choices  are  projected  to  include  the  following: 

1.  Thrust  specific  fuel  consumption  (SFC)  :  5"'  to  10"'.  improvement  hv  reduced 
turbine  cooling  air,  improved  seals,  Increased  efficiency  nozzles,  improved 
component  efficiency,  reduced  loss  combustors,  variable  cvele  concepts,  etc. 

2.  Life  Cycle  Cost  (LCC)  :  20",.  to  307.  reduction  due  to  reduced  number  of  Dart  s, 
improved  durability,  and  improved  fabrication  technology. 

The  YF-16  prototype  development  utilized  a  number  of  technical  approaches  and  some 
advanced  technologies  selected  to  reduce  cost,  as  shown  on  Figure  28  While  sufficient 
operational  experience  is  not  vet  available,  some  of  the  new  technologies  such  as 
advanced  composites  and  the  fly-by-wire  flight  control  svstem  were  expected  to  both 
improve  performance  and  reduce  03S  costs. 

Effectiveness  of  New  Technology  in  Improving  Logistics :  Man v  examples  c  1  e a r  1  v 
demonstrate  that  new  technology  can’ he  effective  in  improving  the  0&S  situation.  In 
addition  to  its  use  during  the  acquisition  process,  new  technology  can  be  applied  either 
to  aircraft  and  missile  systems  to  reduce  their  Of*S  costs  or  to  the  logistics  process 
itself  in  order  to  improve  servicing,  maintenance,  supply,  and  decision-making  capabilities. 

It  is  well  accepted  that  the  best  time  to  apply  a  new  technology  is  during  the  initial 
systems  design  and  development  phase.  The  manv  advanced  technologies  which  have  been 
successfully  applied  to  new  systems  during  the  earlv  part  of  the  acquisition  process  in¬ 
clude  some  of  importance  to  the  03S  arena,  as  shown  below: 

Solid  State  Avionics 
Digital  Processors / Computers 
Structural  Fatigue  Design  Criteria 
Advanced  Manufacturing  Technology 
F l v- By -Wire  Flight  Control 

Advanced  Standardized  Commtinicat  ions  and  Inertial  Components 
Low  SFC/High  Bv-Pass  Turbo  Fan  Engines 
Oxygen  Concentrator 

Samarium  Cobalt  Electric  Generators  and  Motors 
Constant  Frequency  Variable  Speed  Alternators 

Technologies  Applied  Directly  to  t  he  03  S  Arena  Advanced  technologies  have  also 
been  successfully  applied  di recti v  to  the  0.\P  arena,  either  to  systems  or  to  the  logistics 
process.  Despite  the  likelihood  of  higher  costs  in  applying  new  technology  during  the 
0.3 S  phase  of  a  svstem's  life,  experience  shows  that  new  technology  can  he  cost  effective 
in  alleviating  expensive  problems  and  improving  operational  effectiveness.  This  experience 
is  validated  by  a  series  of  successful  application  of  Laboratory  technology  to  the  03  S 
arena  hv  direct  interaction  between  the  Laboratories  and  associated  Air  Logistics  Centers. 

It  is  further  validated  bv  the  experience  of  the  Productivity,  Reliability,  Availability, 
Maintainability  (PRAM)  Program  Office  which  was  established  to  mount  a  concerted  attack 
on  rising  0<SS  costs.  If  major  technology  advances  occur  subsequent  to  the  development 
ot  the  svstem,  the  onlv  means  of  using  the  technology  to  improve  the  svstem  is  hv  a 
modification  or  retrofit  program  during  the  03S  phase  of  the  svstem.  The  planned  B-S2 
and  F-lll  avionics  updates  are  recent  examples  of  this. 

While  manv  harriers  must  be  overcome  in  transitioning  Laboratory  technologies  direct¬ 
ly  into  the  o.vS  arena,  manv  examples  can  he  cited  of  solutions  to  a  1  ogi  st  i  cs/onerat  i  onal 
problem  or  need.  Some  of  these  represent  aoplieat  ion  of  available  technology  t o  solve 
verv  specific  problems.  Others  represent  improvements  made  possible  hv  major  technological 
advances  which  occurred  subsequent  to  acquisition  of  the  svstem.  Some  do  both.  Examples 
i nc 1 ude 


Honevcomh  Bonded  Repair 
Structural  Corrosion  Reduction 
Standard  Electronic  Modules 
Fuel  -t'se  Reduet  ion 


Suporallov  Vane  Repair 
Bird  Resistant  Windshields 
NDT ' NDE 
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High  Adhesion  Sealants 
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Standard  Crvo  Cooler  Disc  Retirement  Extension 

Development  of  compact  standard  electronic  modules  to  replace  older  vacuum  tube 
modules  reduces  the  reliability  problem, and  provides  enhanced  capabilities  made  possible 
by  advanced  solid  state  avionics.  Introduction  of  standardized  avionics  components  and 
architecture  will  reduce  part  stocking  requirements,  improve  interoperability,  simplify 
maintenance  and  training,  and  enable  more  rapid  modification  of  avionics  systems  without 
requiring  major  changes  in  the  existing  svstem. 

Other  programs  are  underway  to  reduce  aircraft  drag  and  thereby  reduce  the  quantity 
of  fuel  required  to  perform  any  specified  mission.  The  ten-fold  rise  in  fuel  cost  since 
1973  now  makes  conservation  increasingly  important.  By  example,  the  winglet  program  now 
underway  is  expected  to  improve  the  fuel  economy  of  the  KC-135  by  some  five  to  seven 
percent,  with  payback  of  implementation  costs  in  less  than  two  years.  A  number  of  other 
programs,  such  as  advanced  bonded  structural  technology  and  airframe  design  concents  are 
expected  to  yield  significant  acquisition  and  maintenance  cost  reductions  during  aircraft 
production  by  reducing  the  number  of  parts.  The  improved  fatigue  and  corrosion  resistance 
offered  by  several  of  these  technologies  will  further  reduce  support  costs. 

The  importance  of  a  dedicated  source  of  funding  and  management  is  well  illustrated 
by  the  experience  of  the  PRAM  Project  Office,  which  adopted  a  very  stringent  criteria; 
namely,  that  a  project  or  a  new  technology  must  offer  a  3:1  improvement  in  "Return  on 
Investment  (ROI)"  within  five  years  to  warrant  funding.  Examples  of  numerous  projects 
involving  application  of  Laboratory  technologies,  which  have  been  funded  all  or  in  part  bv 
this  of f ice, inc lude : 

•  Automatic  Trim  Balancing 

•  Plasma  Spectrcmeter 

•  Coldworked  Hole  Tool 

•  Electrostatic  Airless  Painting  of  Aircraft 

•  Lubricant  Inventory  Reduction 

•  Combined  Environmental  Reliability  Testing 

•  Vibration  Damping  Material  for  Engine  Inlets  and  Fan  Cases 

•  Aluminum  Surface  Preparation  for  Bonding 

A  net  savings  of  $117M  for  a  PRAM  cost  of  $5.7M  is  extimated  for  twenty  of  the  PRAM/Labora- 
tory  projects  which  have  been  started.  These  do  not  include  the  major  saving  expected  from 
application  of  the  Combined  Environmental  Reliability  Testing  (CERT)  Program  which  is 
still  in  progress,  but  has  already  contributed  to  improving  O&S  reliability  operational 
hardware . 

The  CERT  Program,  for  example,  provides  techniques  and  criteria  for  ground  testing 
avionics  equipment  under  the  combined  environments  which  the  avionics  are  expected  to 
encounter  during  flight.  Tests  are  currently  being  conducted  to  validate  the  concept 
by  comparing  actual  field  experience  with  the  results  of  current  MIL  SPEC  and  CERT  tests. 
CERT  test  conditions  simultaneously  simulate  the  temperature,  vibration,  humiditv,  pressure, 
and  power  spikes  expected  during  missions  on  a  f light-bv-f 1 ight  basis.  Results  permit 
identification  of  failures  and  failure  modes  so  that  avionics  systems  can  be  improved 
before  entering  full  service  and  will  also  provide  a  basis  for  more  accurate  provisioning 
of  spare  parts.  CERT  has  already  proven  of  value  by  its  use  to  evaluate  avionic  equip¬ 
ments  as  part  of  the  competitive  selection  process. 

Additional  Technology  and  Applications  Needed:  The  fact  that  technology  can  signific¬ 
antly  help  in  providing  a  solution  to  many  O&S  problems, and  the  impressive  set  of  technol¬ 
ogy  developments  now  underway, might  lead  to  the  belief  that  all  that  is  possible  is  being 
done.  This  would  be  far  from  the  truth.  The  current  program  represents  only  a  fraction 
of  that  required  to  remedy  the  current  situation  and  exploit  the  cost  benefits  possible 
through  new  technology.  It  a  large  problem.  Clearlv  a  long  term  continuous  effort  is  needed. 

Identification  of  the  most  pressing  needs  for  logistics  technologies  is  periodically 
updated  and  provided  the  system  organizations.  This  includes  both  generic  and  specific 
needs.  The  generic  needs  tend  to  cover  the  more  basic  and  long-term  needs  judged  bv 
AFLC/AI.D  to  be  of  major  importance  for  reducing  logistics  costs.  More  basic  needs  include 
research  on  logistics  processes,  procedures,  and  concepts  to  improve  understanding, 
methodologies,  trade-offs,  and  decision  making,  including  the  effects  of  technology  and 
the  changing  world  environment  of  the  future  in  all  areas  of  06,S .  Other  thrusts  are  aimed 
at  improvements  in  Air  Logistics  Center  maintenance  and  modification  technology. 

A  number  of  new  or  augmented  technology  thrusts  would  provide  significant  improve¬ 
ments  to  the  IJ.S.S  process  and  I.CC .  RM)  activities  are  underway,  but  in  general  is  grossly 
insufficient  in  relation  to  the  rued  or  potential  payoffs.  Examples  of  several  of  these 
are 


•  Automated  Manufacture  ti  Repair 

•  Fault  Tolerant  Systems 

•  Software  Cost  Reduction 

•  Material  Det er i orat i on/Corros i on  prevention 


•  Logistics  research 

•  Global  06, S  Simulation 

•  Global  LCC  Models 

•  Manpower  Productivity  Cost 
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A  higher  order  analysis  process,  considering  Che  total  mix  of  systems,  maintenance  and 
support  process  is  needed  to  develop  an  understanding  of  the  complex  mul ti -dimens ional 
relationship  that  exists  in  the  O&S  or  LCC  area. 

IX  LIFE  CYCLE  COST  DATA  BASES  &  COSTING  METHODS 

LCC  Data:  Valid  costing  is  an  essential  nrerequisite  for  a  true  DTLCC  program.  Of,'.', 
data  base  deficiencies  have  been  the  subject  of  manv  recent  reviews  in  order  to  identifv 
corrective  actions.  Although  many  inadequacies  exist,  and  clear  allocation  of  ins t i tut i ona 1 
and  process  costs  to  specific  systems  remains  a  difficult  task,  much  data  is  available  in 
the  Air  Force  data  base,  if  one  knows  how  to  obtain  it  and  can  spend  the  time  necessarv. 
Figure  29  shows  tvpical  maintenance  data, for  cargo  aircraft  ,  obtained  from  the  Air 
Force  66-1  data  system, which  has  been  in  operation  for  manv  vears .  Examples  of  the  exten¬ 
sive  data  available  on  hardware  maintenance  and  supply  factors  are  shown  bv  figure  30, 

Sucn  data  is  available  in  great  detail  on  all  aircraft,  and  provides  specific  information 
for  all  major  subsystems  and  compliments.  Figure  31  shows  the  breakout  of  the  total  15 
year  LCC  for  a  cargo  aircraft  by  major  categories  based  on  the  66-1  data  svstem  and  the 
existing  Air  Force  CACE  model,  modified  to  a  total  fleet  configuration.  While  much  data 
can  be  extracted  from  the  current  system,  efforts  to  improve  its  accessibility  and 
completeness  are  of  major  importance.  Improved  data  on  processes  and  sequences  will  per¬ 
mit  an  improved  understanding  of  the  support  flow-through  process.  Much  data  is  currentlv 
available  on  the  micro  aspects  of  the  process,  but  a  macro  analysis  would  greatly  improve 
the  ability  to  put  it  all  together.  This  need  is  recognized,  and  the  logistic  research 
activity  underway  should  improve  the  situation. 

The  acquisition  cost  data  base,  while  not  receiving  as  much  recent  concern  as  the 
O&S  data  base,  also  requires  improvement.  Here  the  problem  is  made  more  difficult  bv 
the  proprietary  interests  involved,  and  difficulty  in  assessing  the  cost  of  introducing 
new  technology. 


Life  Cycle  Costing  Credible  techniques  are  a  kev  to  the  use  of  LCC  factors  in  the 
decision  process,  especially  when  funds  must  be  expended  now  to  obtain  a  future  cost 
benefit,  and  no  other  major  associated  benefits  have  been  identified. 

Much  attention  has  been  given  to  costing  methodologies  and  the  data  base  required 
for  their  development  and  validation.  Most  attention  has  been  focused  on  the  production 
process,  and  on  analyses  to  provide  insight  into  questions  of  limited  scope,  for  example 
the  cost/benefit  of  replacing  titanium  fastners  with  steel  or  aluminum,  etc.  Some  ?0h0 
logistics  models  are  currently  documented  in  the  Defense  Logistics  Study  Information 
Exchange.  Most  are  aimed  towards  answers  that  require  the  type  of  information  not  avail¬ 
able  until  the  system  is  well  along  in  the  full  scale  development  or  production  phase. 
Further,  deficiencies  in  an  effective  mechanism  for  feedback  and  update  of  svstem  O&S 
characteristics  greatly  impedes  improvement  of  these  models.  There  has  been  a  long  time 
need  for  techniques  that  relate  material  characteristics,  fabrication,  production  methods 
and  technology  areas  to  the  measured  categories  of  cost.  There  has  also  been  a  lack  of 
effective  models  for  use  during  the  conceptual  and  advanced  development  phases  of  a 
system  acquisition. 

The  importance  of  costing  has  led  to  the  establishment  of  organizations  and 
continuous  activities  in  the  Air  Force  Systems  Divisions,  l.ogi  sties  Division  and  Labora¬ 
tories  to  develop  improved  costing  methods.  The  ASD  has  long  had  and  gradually  augmented 
a  capability  for  costing  system  development  and  production.  The  Air  Force  Wright  Aero¬ 
nautical  Laboratories  have,  for  much  of  the  past  decade,  been  actively  engaged  in  develop¬ 
ing  improved  methodologies  and  techniques  for  system  and  subsystem  development  and  produc¬ 
tion  costs.  Efforts  to  analyze  the  O&S  cost  drivers  were  initiated  bv  the  laboratories 
in  the  early  1970's.  Figure  30  shows  a  typical  result  that  was  used  to  identifv  technology 
developments  offering  high  O&S  payoffs.  These  led  to  follow-on  efforts  to  identifv  unique 
cost  differences  between  military  versus  commercial  practices.  This  was  followed  bv 
programs  to  evolve  system  development  cost  engineering  relationships  (  CF.Rs  ). 

A  continuing  need  exists  for  life  cycle  cost  assessments  on  a  quick  reaction  basis. 

ASD  had  devised  a  life  cycle  cost  model  programmed  for  a  TI-59  hand  held  calculator  to 
meet  this  need.  By  use  of  this  analysis  tool  it  is  possible  to  assess  the  life  cvcle 
cost  implications  of  specific  alternatives  easily  and  quickly.  The  model  is  as  complete 
as  most  computer  LCC  models.  Concentrating  on  a  single  item,  such  as  a  line  replaceable 
unit  (LRU)  or  shop  replaceable  unit  (SRU)  significantly  reduces  the  need  for  memory 
capability  and  avoids  the  aggregation  and  control  coding  required  in  larger  svstem  models 
The  model  includes  the  major  cost  elements  contained  in  a  LCC  assessment,  as  shown  bv  the 
analysis  working  sheet  in  Figure  32. 

During  the  past  few  vears,  progress  has  been  made  in  quantifying  life  cvcle  costs 
engineering  relationships  (LCCERs).  Figures  3 J  and  3 4  provide  a  view  of  the  basic  model 
organization  typical  results,  and  correlation  with  svstem  cost  data.  Much  still  remains 
to  be  done.  LCCERs  need  to  be  extended  to  the  subsystem  component  level  to  enable 
engineers  to  make  better  trade-offs  during  the  design  process.  The  impact  of  new  technology 
must  be  factored  in  with  more  realism,  anti  unique  design  related  aspects,  such  .as  t  ho 
significant  difference  in  reliability  of  the  same  avionics  set  installed  in  one  location 
of  an  aircraft  versus  another  location  must  be  accounted  for.  The  model  is  now  limited 
to  the  system  component  level  Yet  correlation  is  good, and  the  model  should  provide  a 
much  needed  tool  for  use  during  preliminary  design. 
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In  the  meantime,  system  cost  projections  are  still  made  primarily  on  the  basis  of 
comparative  data  obtained  from  the  development  and  production  experiences  with  similar 
systems.  Utilization  of  new  models,  such  as  that  noted  above  is  being  examined,  but 
more  assurance  of  validity  will  be  required  for  a  change  to  be  made. 

X  CONCLUSIONS : 

Substantial  attention  has  been  given  to  the  problems  posed  by  the  continuous  rise 
in  systems  development,  acquisition,  ooerational  and  support  costs.  Actions  are  under¬ 
way  on  both  major  cost  drivers  and  on  the  innumerable  specific  cost  problems  that  exist 
in  the  total  LCC  problem. 

The  prime  focus  of  OMR/DOD  efforts  has  been  on  improvements  to  the  acquisition  strategy 
and  procurement  process,  with  emphasis  on  DTC  goals,  related  reliability  and  maintainability 
goals,  and  logistics  support  concepts  to  minimize  costs.  During  the  past  several  years, 
much  emphasis  has  been  given  to  reducing  ownership  costs,  a  significant  new  organization 
has  been  established,  and  logistics  research  efforts  are  being  implemented.  New  concepts, 
such  as  the  high-low  mix,  have  been  utilized  to  reduce  the  cost  of  new  system  acquisitions. 

Significant  progress  has  been  made  in  developing  the  preliminary  design/mission  analysis 
process  as  a  powerful  tool  for  the  exploration  of  new  system  concepts,  the  assessment  of 
new  technologies  and  concurrent  analysis  of  life  cycle  cost  implications,  in  addition  to 
its  use  as  a  vital,  high  leverage  step  in  the  acquisition  process.  This  process  provides 
a  superb  learning  opportunity  and  enhances  communicat ions  between  all  involved  in  the 
system  development,  acquisition, operations,  and  support  activities.  Extension  of  the  process 
for  higher  order  analyses  to  examine  conceDts  for  improved  interoperability,  'flexible 
standardization'  of  avionics,  improved  O&S  effectiveness,  and  logistics  research  should 
provide  significant  life  cycle  cost  savings  if  properly  implemented.  Selective  use  of 
advanced  technologies  and  system  designs  to  reduce  life  cycle  cost  should  also  be  a  target 
of  such  analyses.  The  process  offers  significant  advantages  in  providing  a  continuous 
set  of  potential  solutions  to  the  ever  changing  threat  and  sets  of  national  needs,  and 
can  save  considerable  time  in  fielding  a  new  system  after  the  need  is  identified  and 
validated . 

Development  and  application  of  advanced  technology  can  result  in  significant  reductions 
of  LCC.  Many  technologies  can  be  apnlied  to  either  improve  performance  or  reduce  costs.  A 
skilled  designer  can  exploit  the  onportunities  offered  by  advanced  technologies  to  achieve 
many  combinations  of  performance  improvement  or  of  cost  reduction.  The  choice  is  his. 
Additional  emphasis  on  developing  those  technologies  which  offer  high  navoffs  in  reducing 
costs  would  provide  further  options  to  the  designer  and  should  be  given  more  attention  in 
research  and  development  programs. 

Many  technical  cost,  and  mission  need  uncertainties  will  always  be  with  us.  We  will  never 
resolve  them  all  .  because  in  a  dynamic  world  new  ones  will  always  be  evolving,  however  it  Ls 
most  important  to  recognize  their  existance  and  nlnn  accordinp.lv.  The  use  of  rational  margins 
for  error  in  use  of  new  technology  and  in  LCC  analyses  is  a  must.  Allowance  for  growth  can- 
abilities  to  handle  emerging  new  needs  is  also  a  must. 

The  numerous  basic  impediments  to  attain  a  minimum  life  cvcle  cost,  such  as  noted  on 
Pages  1  and  2  require  continual  and  concerted  effort  to  resolve  the  problems.  We  are 
dealing  with  a  very  complex  problem  of  'cosmic'  dimensions.  Until  the  basic  impediments 
are  solved,  the  best  course  of  action  appears  to  be  to  press  for  implementation  of  the 
major  opportunities  that  exist, and  continue  efforts  throughout  the  system  in  improving 
awareness  of  the  need  and  effort  on  all  aspects  of  the  problem  that  will  reduce  cost. 

Like  the  answer  to  the  question,  '  how  does  one  eat  an  elephant?'  the  answer  here  too 
appears  to  be  'one  bite  at  a  time'.  Hopefully  the  job  can  be  accelerated  if  evervone 
works  at  it  continually. 

To  quote  Denham,  "When  any  great  design  Liiou  dost  intend.  Think  on  the  means,  the 
manner  and  the  end." 
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SUMMARY  | 

Design  to  life  cycle  cost  research  applied  to  the  area  of  logistics  j 

systems  is  new.  The  approach  starts  with  a  look  at  histoty  data  for 

typical  aircraft  systems.  Deficiencies  in  systems  operations  and 

support  are  identified  and  described.  Methods  of  assessing  the  cost, 

risk  and  program  application  are  discussed.  Areas  of  emphasis,  cost 

drivers  and  their  impacts  are  shown.  It  is  determined  that  many 

deficiencies  in  the  ownership  of  systems  do  not  relate  to  progiam 

plans.  Resolution  by  future  technology  advances  must  be  aimed  toward  ' 

elimination  of  manpower,  materiel  and  program  causative  factors 

through  research  of  logistics  subsystems,  i.e.  inspections,  materiel 

distribution,  people  use  and  logistics  networks.  Many  technology 

opportunities  developed  through  design  to  life  cycle  cost  research 

will  be  of  great  benefit  to  all  allied  countries. 

f 

Life  cycle  cost  studies  conducted  over  the  past  five  years  have  confirmed  a  need  to 
perform  research  on  the  life  cycle  cost  of  systems.  Because  most  of  my  background  is  m 

logistics  support  of  systems,  I  will  use  as  my  research  example,  operations  and  support.  * 

Of  all  the  stages  of  the  system  life  cycle,  operations  and  support  (sometimes  called 

ownership)  cuceives  the  least  attention  by  people  working  on  the  support  environment  until 

system  design  has  reached  a  point  that  fixes  support  to  old  concepts.  This  lack  of 

emphasis  in  the  technology  of  support  has  resulted  in  high  ownership  costs  and  systems  not 

being  ready  to  perform  their  mission. 

Before  qoinq  on,  we  should  establish  certain  definitions  and  objectives.  The  lib- 
cycle  definition  is  shown  on  Figure  1.  Very  often,  development  and  production  together 
are  called  acquisition  and  ownership  is  called  operations  and  support.  Sometimes, 
ownership  includes  disposal.  To  me,  design  to  life  cycle  cost  includes  all  of  those  tusks 
listed  on  Figure  1.  One  man  cannot  do  all  of  those  tasks--so  we  are  talking  about  a  team, 
i.e.  designer,  producer,  logistician,  cost  estimator  and  manager,  at  the  least.  But,  what 
about  the  technologist  who  devises  better  schemes  for  systems  which  can  perform,  be  teady, 
and  do  the  job  at  less  cost  for  the  life  cycle?  He  must  include  life  cycle  cost  in  his 
research  to  accomplish  the  objective  shown  as  the  last  item  on  the  chart. 


•  LIFECYCLE  =  DEVELOPMENT  +  PRODUCTION  f  OWNERSHIP 


•  DESIGN  TO  LIFE  CYCLE  COST 


ASSESS  HISTORY 
IDENTIFY  DEFICIENCIES 
DEFINE  ALTERNATIVE  SOLUTIONS 
SELECT  SYSTEM/SET  GOALS 
DESIGN  PROGRAM  TO  GOALS 
SCENARIO 
STRATEGY 
HARDWARE 
SOFTWARE 
PROGRAM  METHODS 

•  LIFE  CYCLE  COST  RESEARCH  IMPROVE  AND  REDUCE  THE 
DEVELOPMENT.  PRODUCTION  AND  DEPLOYMENT,  OPERATIONS 
AND  SUPPORT  OF  SYSTEMS  AND  EQUIPMENT 


■:.s  a  r><  1  I  ,  t  i  v •  ■  s 


L 


\  i  I  .  !  * 


i  t  i  < 


s-: 


The  first  two  tasks  under  design  to  life  cycle  cost  are  the  assessment  of  history  and 
the  identification  of  deficiencies.  So,  let's  take  a  look  at  history.  A  look  that  not 
only  considers  hardware  history,  but  support  concepts  history  as  well.  I  could  spend 
several  hours  discussing  the  differences  and  how  they  impact  the  life  cycle  of  systems. 
Instead,  I  will  use  a  few  examples  to  delineate  the  deficiencies  and  problems  which 
technology  needs  to  solve.  Some  of  those  deficiencies  cannot  be  solved  during  the  normal 
acquisition  process.  They  need  separate  attention  for  awhile--just  as  we  give  separate 
attention  to  aircraft  engine  development,  or  flight  control  development. 

All  of  the  support  deficiencies  are  not  found  by  analyzing  the  hardware  data  base, 
Figure  2.  Some  are  in  ground  equipment,  support  people,  control  points  and  the  interfaces 
among  hardware  and  support.  Through  good  design  of  the  system  and  its  crew  application, 
we  achieve  medium  to  high  readiness.  For  example,  we  can  remove  and  replace  the 
communication  equipment  within  the  time  limits  and  the  crew  has  been  taught  to  recognize 
failure  or  degradation  so  they  can  brief  the  maintenance  personnel.  Then  the  removed  part 
goes  back  through  the  supply  system.  The  delivery  and  distribution  system  breaks  down  so 
that  long  delays  are  incurred  and  added  stockage  of  materiel  results  in  high  cost. 

The  solution--do  we  pour  more  resources  into  the  breach  or  ask  teinnology  to  help  us? 
The  long  term  solution  is  through  a  technology  change.  We  do  not  find  this  kind  of 
deficiency  in  our  data  files  and  there  is  no  real  testing  of  this  support  condition  during 
acquisition.  Can  it  be  tested?  Certainly  it  can;  however,  the  early  test  prototype  must 
be  more  like  the  production  and  operating  unit.  It  is  too  late  to  test  without  added 
cost,  if  we  wait  until  detailed  design  is  in  progress. 


NO  EARLY  TESTING  OF  DELIVERY  SYSTEM 
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Figure  2. 
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Let  us  use,  as  another  example,  the  trends  for  reliability  on  contemporary  systems. 

A  recent  issue  of  the  U.S.  Defense  Management  Journal  included  the  information  shown  in 
Figure  4.  The  difference  between  specified,  predicted  or  demonstrated,  and  actual  field 
values  varied  as  much  as  60  to  1.  If  the  reliability  figures  were  used  in  support 
resource  planning,  there  would  generally  be  initial  shortages  of  resources.  Additional 
shortages  due  to  lack  of  funds  made  logistics  support  planning  almost  useless. 

One  of  the  major  issues  relates  to  the  severity  of  laboratory  and  demonstration  tests 
versus  field  use.  In  some  recent  cases,  the  enviromental  tests  were  so  severe  that  the 
mean-t ime-between-failure  pattern  for  resource  planning  could  have  been  reversed  from  that 
shown  on  the  chart.  Research  on  the  inspection  and  test  of  field  resources  needs  to  be 
accomplished  to  close  the  gap  between  the  work  package  design  team  and  the  user,  i.e.  make 
predicted  values  more  closely  relate  to  field  achieved  reliability. 
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Figure  4.  Selected  Equipment  Reliability  Trend 
for  Contemporary  Weapon  System 

Are  all  the  failures  of  the  system  inherent  to  the  hardware?  No.  Figure  5  shows 
that  on  the  average,  human  induced  failures  are  about  five  times  those  inherent  in  the 
hardware.  Human  induced  failures  are  those  which,  for  example,  result  from  improper 
operating  procedures,  gaining  access  by  removal  of  nonrelated  structure  and  equipment,  and 
excessive  testing  or  hands-on  activity  during  pre  and  post-operations. 

Does  this  data  show  up  in  the  collection  system?  It  does  not.  The  only  way  to 
gather  it  now  is  by  eyebal 1-to-eyebal 1  interrogation  of  the  user.  So,  if  you  tell  me  you 
do  not  have  this  problem,  I  would  certainly  like  to  see  your  data  system.  How  can  we  do  a 
proper  job  of  researching  and  designing  systems,  when  60  to  80  percent  of  the  data  is 
miss  ing? 


Figure  r> . 


Systems  Deg t ada t ion  by  Type 
(Results  of  r>  Programs 


The  collection  of  data  for  aircraft  from  the  operating  bases  shows  high  cost  areas  in 
terms  of  maintenance  manhour  expenditures,  Figure  6.  The  areas  of  emphasis  may  be 
selected  as  those  falling  into  the  general  support  maintenance,  i.e.  the  three  top  bars  on 
the  chart.  Also,  there  are  three  or  four  areas  of  system  hardware  maintenance  that  need 
attention.  We  now  have  data,  not  shown  on  the  chart,  that  identifies  the  cost  drivers 
within  each  bar.  We  need  to  draw  attention  to  solving  those  drivers  by  hardware  and 
logistics  technology,  and  by  program  actions  early  in  mission  analysis  and  concept 
development . 

In  the  past,  there  has  been  no  difference  in  the  specifications  for  the  short  bars  on 
hardware  versus  the  long  bars  on  both  hardware  and  support.  All  receive  equal  treatment 
in  achieving  performance  of  the  aircraft.  We  should  know  in  advance  that  10  or  12  items 
on  past  similar  systems  contribute  70%  of  the  base  maintenance,  74%  of  the  depot  repair 
actions,  and  89%  of  the  spare  parts  cost.  Now,  the  10  or  12  items  are  not  the  same  for 
i  each  case.  We  should  know  in  advance  what  they  are'.  Otherwise,  our  development  teams 

will  concept  and  include  the  same  high  cost  and/or  low  readiness  drivers  in  their  new 
design. 
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Areas  of  Emphasis 
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The  areas  of  emphasis  are  the  same  for  different  categories  of  aircraft,  Figure  7,  we 
may  call  them  concept  cost  drivers  if  the  data  has  been  researched  enough  to  know  what 
factors  are  causing  the  high  maintenance  manhours.  There  are  a  few  differences  in  the 
system  maintenance  area  because  of  the  scenario  for  cargo  versus  bomber  and  fighter 
a  ircraf t . 

The  data  shows  that  we  in  technology  should  be  working  now  on  eliminating  ground 
handling  and  servicing,  scheduled  inspections,  and  maintenance  problems  associated  with 
bomb  navigation  transmitters  and  cargo  aircraft  landing  gear.  A  note  of  caution  is  in 
order.  Examine  the  complete  life  cycle  thread  from  factory  through  operations.  The  cost 
drivers  may  change  somewhat  and  other  areas  of  emphasis  may  be  added.  Also,  the  reason  . ;e 
advocate  a  team  effort  in  technology  and  early  acquisition  is  that  cost  is  not  the  only 
function  that  we  should  research  for  the  10  or  12  drivers.  Mission,  performance, 
readiness,  and  timing  should  be  included. 

Also,  should  the  team  research  the  cost  drivers  as  part  of  a  system  program,  or  do  it 
as  a  separate  support  program  to  correct  the  problem  on  all  categories  of  aircraft?  In 
the  latter  case,  resultant  solutions  may  then  be  applied  to  on-going  programs. 
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Concept  Cost  Drivers 


For  another  example,  a  small  number  of  purchased  equipment  parts  contribute  90%  of 
the  cost  for  a  particular  aircraft,  Figure  8.  Also,  a  small  number  of  parts  contribute  to 
most  of  the  weiqht,  loss  rate,  abort  rate  and  many  other  problems.  We  should  have 
guidance  on  the  direction  to  take  on  evolving  solutions  to  these  cost  and  other  drivers 
before  we  complete  mission  analysis  and  start  concepting  a  new  system. 

You  may  answer,  "How  can  I  do  that?  I  do  not  yet  know  the  details  of  my  concept  or 
system."  My  answer  to  you  is,  "You  have  a  history  base  full  of  informat ion--perhaps  not 
in  a  well-constructed  file--but  in  the  heads  of  old  maintenance  and  supply  people  like  me, 
who  can  tell  you  in  a  few  minutes  what  the  big  drivers  are.”  But,  you  also  have  to  ask 
the  right  quest  ions-- j ust  as  you  do  when  you  interrogate  structures  and  other  project 
personnel  on  weight  problems. 


17%  OF  P.E.  PARTS  CONTRIBUTE  90%  OF  COST 


Figure  8.  Purchased  Equipment  Drivers 

The  cost  of  reliability  varies  with  the  amount  of  screening  and  testing  needed  to 
assure  achievement,  in  the  field,  of  the  predicted  performance  and  readiness,  Figure  9. 
tt  is  not  important  to  know  the  test  and  screen  requirements  on  the  chart.  It  is 
important  to  question  the  program  cost  when  it  rises  by  an  order  of  magnitude  for  a 
nonpriority  item  that  did  not  need  testing  and  screening.  In  some  cases,  the  item  did  not 
have  a  connection  to  the  real  life  deficiencies.  Its  inherent  reliability  was  high.  It 
was  low  on  the  list  of  priorities.  Sometimes,  its  field  reliability  was  low  because  it 
was  removed  often  to  reach  another  failed  item.  The  primary  causes  of  low  reliability 
were  bad  packag ina  and  human  induced  failures. 

Unless  all  of  the  causative  factors  are  included  in  the  data  package  for  the  early 
phases  of  the  next  program,  much  time  will  be  erroneously  spent  in  the  research  and  design 
of  i  better  hardware  unit.  This  example  is  only  one  of  many  where  there  is  a  mismatch 
bn'ween  ownership  deficiencies  and  the  normal  ’’success  path”  planning  done  bv  systems, 
production  and  logistics  engineers. 
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The  real  life  logistics  picture  (situation)  shows  very  little  matchup  between  the 
program  plans  success  path  and  the  ownership  deficiencies  experienced  on  systems  as  they 
are  operated  in  field  conditions,  Figure  10.  What  do  the  words  "success  path”  mean?  They 
mean  that  our  technologists  and  engineers  have  chosen  a  concept  and  design  such  as  a 
navigation  system  transmitter  that  will  be  removed  and  replaced,  sent  to  a  depot,  repaired 
or  rebuilt  and  returned  to  inventory,  just  as  has  been  done  for  the  past  decade.  Once  the 
hardware  has  been  selected  or  designed,  and  the  concept  of  maintenance  accepted,  the  life 
cycle  cost  is  fixed  to  the  materiel  needed,  the  people  in  the  cycle,  and  the  pipeline 
times  dedicated  to  surrounding  infrastructure.  Deficiencies  such  as  those  shown  in  the 
right  column  are  prevalent  in  the  field.  Their  solutions  cannot  be  found  in  the  success 
path  plans. 

Current  technology  does  not  now,  but  must  in  the  future,  include  the  research  and 
development  of  means  to  reduce  or  eliminate  the  ownership  deficiencies.  The  formal  data 
system  must  show  what  the  causative  factors  are.  There  is  much  data  in  the  heads  of 
individuals  who  have  had  to  cope  with  field  problems.  We,  as  technologists,  must  learn 
how  to  ask  the  right  questions.  When  asking  the  questions  of  the  operators  and  support 
personnel,  we  must  ask  ourselves,  "Can  I  solve  these  deficiencies  as  part  of  system  and 
hardware  programs,  or  do  I  need  to  research  them  separately  to  arrive  at  logistics 
solutions — hardware  and/or  procedural?" 
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Real  Life  Logistics  Picture 
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History  data  shows  the  high  cost  areas  in  an  aircraft  system  are  those  shown  on 
Figure  11.  For  other  systems  they  may  be  the  same  or  different  items.  The  high  cost 
drivers  are  those  causative  things  which  exist  because  of  unique  applications,  locations 
and  concepts.  Some  people  relate  these  driver  characteristics  to  peculiar  versus  common 
(standard)  parts.  Sometimes  you  can  have  many  common  parts  which  are  unique  in 
application  and  location.  Cost  of  acquisition  and  support  can  still  be  high. 

When  we  relate  the  history  data  on  hardware  to  the  activities  and  locations  in  the 
use  sequence,  i.e.  factory  through  operations,  we  find  that  people  and  materiel  are  not 
always  used  in  a  timely  and  economical  manner.  This  means  that  the  technology  of  systems 
has  not  been  viewed  in  the  light  of  use  activities.  Also,  it  means  that  the  design  did 
not  include  the  total  system  factors,  but  dealt  primarily  with  the  hardware  ability  to 
perform  an  operating  function. 
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How  are  people  and  materiel  not  used  properly?  The  search  for  answers  to  that 
question  involves  the  flow  and  magnitude  of  resources,  Figure  12.  For  a  missile  system, 
the  flow  may  be  factory  through  launch.  An  aircraft  system  may  involve  development  test 
through  basing  within  the  continental  United  States.  A  new  tactical  missile  system  may 
involve  prototype  test  through  theatre  mobility.  Whatever  the  flow  sequence,  the 
individual  activities  must  be  well  understood.  Knowledge  of  the  people  and  materiel 
dollars  for  each  activity  must  be  gained.  Activity  factors  which  cause  people  and 
materiel  to  be  high  are  drivers  and  must  be  redesigned  and/or  concepted. 

New  designs  which  only  contemplate  hardware  operations,  and  their  attendant 
trade-offs  and  savings,  will  pass  through  the  support  activity  sequence,  become  part  of 
each  facilities  pro-rated  load  and  the  savings  from  hardware  design  will  be  small.  A 
significant  concept  change  to  the  activity  sequence  will  usually  show  greater  benefits. 

So,  we  have  come  to  the  point  where  you  may  ask,  "How?"  Let's  spend  a  few  minutes  on 
an  example  approach  to  the  research  of  a  potential  deficiency.  Inherent  in  the  approach 
is  a  good  understanding  of  the  mission  and  past  history  base,  as  well  as  the  program 
activities  which  must  decide  the  need,  concepts,  requirements,  risks  and  demonstrations. 
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Figure  12. 


How  are  People  and  Materiel  Not  Used  properly? 
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Sometimes,  a  mission  operations  and  support  model  helps  in  the  understanding  of  the 
life  cycle  events  of  a  system.  In  the  past  its  use  has  been  optional.  In  the  future,  our 
government,  through  the  Office  of  Management  and  Budget  Circular  A-109  on  the  acquisition 
of  systems,  requires  a  mission,  technology,  operations  and  support  analysis  depicted  by 
the  model  shown  on  Figure  13. 

The  model  is  based  on  a  mission  need.  The  need  is  stated  in  terms  of  a  capability  to 
solve  a  deficiency  in  operations.  It  must  also  include  the  logistics  considerations  for 
solving  deficiencies  in  manpower,  logistics  requirements  and  readiness  of  resources. 

Then,  a  trade-off  occurs  between  current  systems,  operations,  support,  and  supply  elements 
versus  the  optimum  networks  and  designs  which,  when  combined  and  compromised,  lead  to  new 
designs  for  operations,  support  and  supply  bases  as  well  as  the  programs.  System 
redundancy,  peak  and  normal  operations  for  the  life  cycle  must  all  be  considered  in 
setting  the  goals  and  thresholds  for  the  new  system. 

If  the  model  is  initially  restricted  to  high  emphasis  areas,  cost  drivers  and 
potential  risk  factors,  it  will  be  manageable  and  can  easily  be  done  manually.  As  the 
program  progresses  to  a  model  full  of  life  cycle  cost  factors,  it  should  be  computerized. 
Today,  I  see  too  many  life  cycle  cost  models  using  too  much  unnecessary  data  too  early. 
Technology  should  be  mostly  interested  in  the  large  benefits  to  be  gained  by  design  and 
concept  changes  which  eliminate  operations  and  support  resources. 


Figure  I  i.  A  Mission  operation  and  ;'.uppot  ‘  Model 


If  research  precedes  or  is  done  concurrently  with  programs,  it  must  be  accompanied  by 
an  understanding  of  the  program  events,  Figure  14,  and  how  they  relate  to  analyzing  the 
deficiencies,  evaluating  the  need,  exploring  optional  solutions,  selecting  and  testing  the 
system,  refinement  and  further  test,  and  the  production,  deployment,  demonstration  and 
support  of  hardware.  Milestone  zero,  one,  two,  and  three  are  the  program  decision  points 
to  further  proceed  with  system  acquisition.  In  the  future,  one  request  for  proposal  (RFP) 
may  suffice.  The  decision  points  may  be  extensions  of  the  same  contract(s).  The  elements 
under  "mission  analysis"  all  lead  to  the  setting  of  program  and  concept  strategy.  The 
elements  under  "evaluate  need"  and  "explore  options"  lead  to  the  selectior  of  the  best 
system,  elimination  of  risks,  an  optimum  cost  with  maximum  readiness,  and  the  initial 
plans  for  carrying  out  the  program.  The  elements  under  "select  and  test"  establish  the 
baseline  system  for  refinement,  the  reliability,  maintainability,  and  effectiveness  goals, 
the  procurement  approach  and  a  preliminary  means  of  demonstrating  the  system.  Logistics 
support  analysis  and  rat ional izat ion--standard izat ion-- interoperabil ity  criteria  for 
foreign  planning  furnish  the  data  and  specification  input  for  follow-on  design  of  support. 

The  logistics  deficiencies  must  be  exposed  and  the  support  subsystem  solutions  for 
inspections,  materiel  distribution  and  personnel  use  must  be  handled  in  the  same  manner  as 
the  hardware  acquisitions.  If  you  were  developing  engine  technology  and  had  an  engine  not 
yet  ready  to  be  included  in  the  acquisition  of  a  new  airplane,  you  would  separate  that 
engine  development  from  the  program  and  run  it  concurrently  as  a  special  program  until  a 
decision  could  be  made  to  include  it  with,  or  exclude  it  from,  the  aircraft  system 
program.  Logistics  subsystem  technology  should  be  handled  in  the  same  manner.  Let's  take 
a  quick  look  at  how  we  might  research  and  develop  a  better  inspection  subsystem  for 
aircraft. 
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To  derive  the  deficiencies  and  their  causes,  we  roust  understand  the  inspection  flow 
for  current  support  of  aircraft.  Figure  15.  Then,  we  must  identify  potential  solutions  by 
functionally  changing  major  events  and  detailed  activities  that  are  responsible  for  people 
involvement,  equipment  disturbance,  excessive  validation  proofing,  prolonged  duration  of 
inspections,  and  costly  use  of  manpower.  Data  not  available  in  current  files  must  be 
obtained  by  direct  discussions  with  using  personnel. 

The  identified  deficiencies  must  be  separated  into  those  wh’ch  may  require  hardware 
technology  versus  those  requiring  procedural  change. 
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Figure  15.  Discovering  Deficiencies  .»nd  F. nines 
for  Inspection  Subsystems 
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The  identified  deficiencies  can  be  expressed  as  problems  shown  on  Figure  16.  Based 
on  previous  charts  on  reliability  and  human  factors  effects,  we  could  sum  up  the  solution 
as,  "Develop  the  technology  to  remove  the  human  from  the  inspection  loop."  Many 
alternatives  may  be  available. 

If  the  inspections  were  to  verify  the  condition  of  a  hydraulic  actuator,  Figure  17, 
we  might  reduce  the  manpower  and  cut  wear  and  tear  by  doing  the  inspection  with  some  kind 
of  built-in  or  bench  type  acoustical  test.  If  technology  can  determine  means  to 
significantly  reduce  the  inspection  manpower,  what  kind  of  application  research  can  we  do 
to  effectively  benefit  current  and  future  programs? 
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Figure  16.  Improved  Inspection  System 
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For  inspection  systems,  there  are  possible  technology  solutions  to  deficiencies  in 
the  functions  shown  on  the  left  column,  Figure  18.  Those  technology  solutions 
(opportunities)  could  fall  into  the  function/system  categories  of  listening,  diagnostic, 
timing,  and  integration.  On  the  other  hand,  the  best  solutions  may  be  procedural. 

However,  procedural  technology  cannot  be  separated  from  system/functions  without  some 
initial  deficiency/technology  assessment. 

During  this  past  year,  we  have  looked  at  a  few  sample  logistics  subsystems  and 
modeled  the  approach  for  their  solutions.  Also,  we  have  prepared  descriptions  of  how  to 
include  this  process  in  the  acquisition  programs.  It  is  not  an  easy  research  task.  It  is 
just  beginning  to  be  funded  by  government  and  industry.  We  recommend  that  research  for 
design  of  any  systems  life  cycle  cost  begin  with  an  understanding  of  the  three  statements 
on  Figure  19. 

It  has  been  a  great  pleasure  for  me  to  participate  in  this  AGARD  meeting.  I  look 
forward  to  further  discussions  on  this  subject. 
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From  1970  through  1980  the  German  defence  budget  nearly  doubled,  and  has  reached  about 
DMK  4b  billion. 

Expenditures  related  to  R&D  and  procurement  of  new  weapon  systems  have  shown  a  steady, 
but  slow,  increase  and  are  likely  to  reach  one  third  of  the  total  budget  by  the  mid¬ 
eighties.  All  other  expenditures  including,  first  of  all,  those  for  the  operation  and 
support  of  weapon  systems  have  slowly  decreased  in  relative  terms,  but  will  still  repre¬ 
sent  two  thirds  of  the  total  budget,  -  and  are  expected  to  grow  in  absolute  terms.  Ac¬ 
cording  to  the  German  MoD  WHITEPAPER  1979,  this  trend  will  be  accompanied  by  an  increa¬ 
sing  deficit  in  personnel. 

This  overall  picture  can  be  directly  related  to  individual  wapon  systems.  Typical  <•<  st 
relations  for  the  development,  procurement,  and  operation  of  >  flyinu  weapon  system 
usually  lie  between  1:3:9  and  1:4:10  (figure  1). 

Hence,  the  success  of  a  new  weapon  system  will  decisively  depend  upon  the  predicted  an¬ 
nual  cost  for  operations  and  support. 

The  need  to  meet  weapon  systems  requirements  within  natural  budget  limits  t  her  el  ere 
tends  to  result  in  the  establishment  of  cost  as  an  active  design  parameter  ,  -  in  <!:•■ 
same  sense,  and  for  the  same  purpose,  as  effectiveness  and  schedule  parameters. 

Figure  2  shows,  in  a  condensed  form,-  the  primary  elements  to  be  defined  by  the  future 
user  of  a  new  weapon  system,  and  the  goals  to  be  achieved  on  the  contract  <u  side,  i.<-, 

-  the  "Desirable"  and 

-  the  "Feas i ble" . 

The  arrows  indicate  the  dynamics  of  the  process  which  is  to  lead  tv  an  acceptable  ■- 
mon  basis,  particularly  at  the  very  beginning  of  a  new  program. 


Cost  analysis  represents  a  continuous  interface  between  the  DE.'l  1  RAIiI.i:  and  the  Fl¬ 
it  is  generally  agreed  that  cost  analysis  should  be  an  integral  :  unction  <  1  i'-V  :'-7 
ENGINEERING.  Only  then  will  it  be  possible  to  "translate"  the  vat  ions  kind:;  -  i  : 
merits  accompanying  the  realization  of  a  new  weapon  system. 

F’our  categories  of  requirements  are  to  bit  considered  (1  igur<-  11  : 


(1)  Technical  requirements, 

(?)  Operational  requirements, 

(3)  Prog  ram-spec  i  f  i  e  ri-gniri-mi-nts,  and 

(4)  Budget  constraints. 

Their  impact  on  cost  is  to  be  id<-:.*  if  o-d  and  quant  it  i*-d  (*  t 
stem’s  1  i  f  e  -cy  c  1  e  .  T-  ■  mi  k  *  ■  s  v  i  *  -  t  h  ■  t  *  ;  i  t  I  '  v  ’  dr  i  -  *  ■  t  n 

will  be  identified  anrl  el  urinated,  '.•■■■'  ■  this  prod-:;:  n-e 
weapon  system  will  become  o;<-i.i'i-nil. 

It  is  worthw.le  remembering  the’  by  tin  •  t.d  '  *  he  ■•••r.eet  »  a- 
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(3)  Interpretation  of  one's  own  cost  data  in  relation  to  those  of  competing  wea¬ 
pon  systems; 

(4)  Preparation  of  program-specific  data,  e.g.  manpower  needs  and  annual  budgets, 
or  cost  related  to  alternative  workshares. 


Cost  analysis  should  be  transparent  and  flexible  so  that  relevant  cost  data  may  be  pre¬ 
sented  according  to  varying  interests.  There  are  essentiall  four  questions  that  use 
to  come  up  in  connection  with  cost  information  (figure  5): 


(1)  What  for? .  Identification  of  "cost  carriers", 

i.e.  generally  hardware/results 
(e.g.  airframe,  wing,  flap) 

(2)  Where?  .  Identification  of  "cost  centres", 

i.e.  functions/tasks  (e.g.  manu¬ 
facturing  )  ; 

(3)  Which?  .  Identif icat ion  of  "cost  categories" , 

i.e.  kind  of  cost  element 
(e.g.  manufacturing  labour); 

(4)  When?  .  Identification  of  program  phases 

(e.g.  development),  or  phase  segments. 


One  principle  of  combining  those  four  interests  is  shown  in  figure  6.  This  cost-breakdown 
matrix  is,  in  fact,  three-dimensional: 

o  2  dimensions  are  needed  to  identify  cost  categories  (e.g.  labour  or  material)  for 
defined  weapon  system  elements  and  defined  functions, 

o  the  3rd  dimension  identifies  time,  i.e.  individual  program  phases. 

A  classification  code  makes  sure  that  every  cost  element,  -  from  the  top-level  down  to 
the  lowest  practical  level  -,  can  Ire  identified,  and  any  combination  of  cost  elements  be 
arranged  according  to  the  kind  of  information  required. 

(■'or  the  definition  of  work-packages,  e.g.,  it  may  be  of  interest  to  quantify  the  total 
cost  of  a  wing,  or  part  of  a  fuselage,  from  the  first  drawing  through  final  assembly. 
Similarly,  engineering  cost  or  manufacturing  labour  cost  may  be  of  interest  when  it 
comes  to  talks  about  worksharing  between  main  contractor  and  sub-contractors  and,  hence, 
to  "design-to-cost"  ( DTC )  goals. 

The  ’’ost -breakdown  matrix  for  the  operational  phase  looks  slightly  different,  due  to  the 
differing  interests  to  be  combined. 

When  one  staits  to  identify  and  quantify  potential  cost  drivers  of  the  procurement  phase 
it  is  useful  to  proceed  in  a  way  that  is  qualitatively  shown  in  figure  7. 

beginning  in  the  centre  of  the  figure,  it  is  assumed  here  that  the  total  number  of  nir- 
if  •  to  be  procured  includes  pre-series  production  aircr.i:  t.  The  dominant  port  ion  of 

•  overall  procurement  cost,  refers,  of  course,  to  the  series  production  aircraft,  doing 

•  'tie  next  level  it  is  seen  that  the  fly-away  cost  of  t  ho  production  aircraft  repre- 

•  t  (ic  main  cost  element  and  should,  therefore,  get  main  attention  wit!)  regard  to  DTC. 

A  : anther  differentiation  of  t h i s  cost  clement  leads  to  the  airframe  to  he  looked  at  . 
Since  'he  procurement  cost:  of  the  airframe  is  smaller  than  the  system  cost  chatgi  it  is 
essen'.ui  *■,'  further  split  this  latter  cost  element,  -  by  means  oi  which  t  he  initial 
spues  are  identified  as  additional  potential  cost  drivers. 

(■'molly,  by  going  to  t  he  4th  level  it  is  found  th.it  fuselage  and  engines,  alone,  ire 
directly  responsible  ;,,r,  say,  one  third  of  t  he  overall  procurement  cost  of  the  weapon 
system.  This  is  where  further  investigation  is  necessary  to  make  sure  that  the  original 
DTC  jo.ii  will  be  met,  ,,r  necessary  cost  reductions  will  be  realized.  o.S.K.  and  liaising 
equipment,  too,  represent  a  eons  i  derail  1  e  port  ion  of  tie'  total  procurement  cost  . 

The  small  portions  of  t he  avionics  s  ib-systens  should,  however,  not  lead  *<•  the  conclu¬ 
sion  tdiat  avioncs  cost  is  of  minor  i  mpoi  t  an  •, , .  jt  is  of  t  fie  same  ordei  -d  magnitude 
as  engine  cost;  and,  whereas  the  engine  decision  is  generally  made  rat imr  early  in  a 
program,  the  requirements  coneetninu  t  fie  avionics  system  use  to  become  toot  e  and  meg, 
ambit  logs,  and  may  lead  to  unexpected  cost  explosions. 

figure  8  qualitatively  sums  i  r  i  zes  t  he  ■■•  st  -  sens  i  •  i  v  i  t  y  ■  '  ring  I .« '('  >■  1 ,  -met,'  .  |  t  i  . 

shown  is/  how  much  the  ;  >st  ■  t  <■  i  h  elesent  has  '  he  I  .  d  1 to  n-hiove  the  same  "V«‘t  - 

all  ll.i  V  I  nr.pr .  rmn  on  *  . 


As  can  be  seen  relatively  small  changes  are  necessary  for  operation-orientated  LCC  ele¬ 
ments  (e.g.  material,  personnel,  and  POL)  to  achieve  a  defined/required  LCC  reduction. 
For  the  same  effect  procurement  cost  of  the  avionics  system,  e.g.,  would  have  to  be  re¬ 
duced  by  as  much  as  80%,  -  which  with  regard  to  the  basic  requirements  and  specifica¬ 
tions  would  be  an  unrealistic  approach. 


On  the  other  hind,  the  same  effect  could  also  be  achieved  if, 
a  new  engine  could  be  avoided. 


;.g.,  the  development  of 


It  shouK;  be  mentioned,  however,  that  the  above  figure  can  only  be  used  as  a  very  first 
decision  aid  since  in  reality  all  LCC  elements  are  more  or  less  interrelated  with  one 
another .  For  example,  using  an  existing  instead  of  a  newly  developed  engine  could  -  but 
need  not.  -  result  in  higher  procurement  cost,  and  could  in  addition  have  a  negative  im¬ 
pact  both  on  M&O  and  POL  costs  during  the  succeeding  15  or  20  years  of  operation. 


Unit  procurement  cost  of  a  new  combat  aircraft  also  largely  depends  on  whether  the  air¬ 
craft  will  be  laid-out  as  a  single-seater  or  a  two-seater.  From  a  cost  point  of  view 
the  price  for  the  second  seat  may  result  in  a  procurement  cost  increase  of  between  5% 
and  20%  compared  to  a  single-seater. 

On  the  basis  of  a  given  procurement  budget  this  means  that  instead  of,  say,  300  aircraft 
only  280  or  even  240  aircraft  can  be  procured.  This  numerical  disadvantage,  however,  lias 
to  be  traded  against  the  expected  tactical  advantage  in  terms  of  total  force  effecti¬ 
veness  . 

The  eventual  cost  difference  primarily  depends  on  the  function  of  the  second  seat,  e.g. 
option  for  training  or  standard  for  combat,  which  should  be  clearly  specified.  It  also 
depends  on  the  general  design  philosophy  concerning  the  technical  realization  of  the  se¬ 
cond  seac,  for  which  a  variety  of  approaches  are  possible. 

If  the  original  requirements  is  for  a  single-seater  the  resulting  aircraft  unit  cost 
will  depend  on  how  rigid  this  requirement  is  to  be  considered  in  the  long  run. 

If  the  requirement  is  expected  to  change  at  a  later  date  (may  be  simply  for  export 
reasons)  then  the  aircraft  manufacturer  can  choose  between  the  following  possibilities 
(see  figures  9  and  10) : 


(  1  ) 


(2) 


Use  of  the  inherent  potential  of  a  single-seater  at  the  acceptance  of  certain 
performance  penalties.  (A  small  cost  increase  for  the  two-seater  may,  however, 
result  from  the  fact  that  the  basic  single-seater  is  relatively  expensive  due 
‘ o  the  built-in  growth  potential). 

Complete  re-sizing  of  the  basic  design  to  make  sure  that  all  performance  re¬ 
quirements  of  the  original  single-seater  will  also  be  fulfilled  by  the  two- 
seater,  e.g.  radius  of  action,  weapon  load,  S.E.P.,  turn  rate,  etc..  This  is, 
of  course,  the  more  expensive  solution. 

Requirements  with  regard  to  S.E.P.  and  turn-rate  have  a  decisive  impact  on  the  design 
of  a  new  combat  aircraft  and,  hence,  on  cost.  Each  additional  degree  per  second  in  turn 
rate  and  each  additional  metre  per  second  in  S.E.P.  can  be  translated  into  cost  increa¬ 
ses;  figi :*e  11  shows  the  influence  on  procurement  cost.  Assuming  a  typical  procurement 
quantity  of  300  aircraft  a  10%  increase  in  S.E.P.  or  turn-rate  would  mean  a  total  cost 
increase  of  the  order  of  DMK  300  to  500  million.  From  a  cost  point  of  view  it  would  be 
worthwile  to  investigate  if  such  an  amount  of  money  should  not  be  better  invested  lor 
additional  aircraft  at  sli  jhtly  reduced  flight  performance. 

Figure  12  refers  to  the  avionics  system  of  combat  aircraft;  avionics  systems  use  to 
cause  the  highest  specific  procurement  cost  (D.MK/kg)  and  arc,  therefore,  particularly 
sensitive  with  regard  to  changes  in  roqu i rement s/spec i f i cat i ons . 

In  order  t o  help  the  designer  and  the  project  management  to  better  understand  these  in- 
fluenees  it  is  often  useful  t o  provide  this  kind  of  information  which  shows,  in  guan- 

or  total  procurement  rest  tof, 
saved.  The  spfCifie  cos t  of 
/k'l.  A  W'-ieht  r  <  mL  I*  •  t  i  .  >n  the 
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t i » at  ive  torr s ,  by  how  much  t  he  a i ret  a  I t  f 1 y-awuy  pr i re 
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A  requirement  for  more  computer  capacity  can  be  solved 

•  either  by  more  weight  (or  volume)  at  the  same  packaging  density, 

•  or  by  increasing  packaging  density  at  the  same  volume. 

".he  example  shown  indicates  that  a  50%  increase  in  packaging  density  may  lead  to  70% 
higher  unit  cost,  whereas  a  corresponding  weight  or  volume  increase  would  change  unit 
cost  by  less  than  50%. 

In  spite  of  the  potential  cost  saving  in  the  latter  case,  however,  the  more  expensive 
computer  may  turn  out  to  be  the  more  cost-effective  solution 

•  if  re-sizing  effects  of  the  basic  design  can  be  avoided,  and 

•  if  the  more  advanced  technology  leads  to  improvements  in  maintainability  and 
reliability,  i.e.  in  O&S  cost. 

The  total  spectrum  of  technical  and  operational  parameters,  -  together  with  relevant 
cost  data,  are  normally  evaluated  on  the  basis  of  Systems  Engineering  methods,  e.g. 
simulation,  models,  statistics.  Solutions  that  are  consistent  with  defined  DTLCC  goals 
and,  of  course,  with  the  basic  requirements  and  specifications,  will  then  be  forwarded 
to  the  project  management  as  decision  aids.  It  is  obvious  that  the  methods  developed 
for  flying  weapon  systems  can  also  be  applied  to  other  weapon  systems  and,  to  a  high 
degree,  to  non-military  systems. 


Two  other  examples  referring  to  potential  cost  drivers  of  basic  aircraft  equipment  are 
shown  in  figures  14  and  15. 

The  first  figure  referring  to  a  typical  fuel  system  of  a  combat  aircraft  illustrates 
that  more  than  80%  of  the  cost  are  determined  by  only  four  types  of  components, 
especially  valves  and  pumps. 

Similary,  the  second  figure  shows  the  cost  of  relevant  components  of  a  typical  hydrau¬ 
lic  system.  Again  only  6  types  of  components  account  for  over  80%  of  the  cost. 

These  are  the  components  that  use  to  be  included  in  DTC  considerations,  and  that  DTC 
goals  should  be  established  for,  at  the  earliest  possible  date. 


Experience  has  demonstrated  that  DESIGN  TO  COST  (DTC)  is  an  essential  tool  for  the 
successful  realization  of  a  complex,  costly,  and  long-term  program.  It  has  become  evi¬ 
dent  that  the  times  of  "optimum  cost-ef fecitve  solutions"  are  gone.  Such  solutions  may 
result  in  overall  cost  numbers  lying  above  a  cost  ceiling  that  can  be  afforded,  and  may 
eventually  lead  to  the  cancellation  of  the  total  program. 

Industry,  too,  therefore  has  to  show  a  vital  interest  in  integrating  cost  ceilings  (cost 
goals)  as  program  inputs. 

figure  16  shows  the  interrelationship  between 

•  aircraft  size  (airframe  unit  weight), 

•  fleet  size  (number  of  aircraft  to  be  procured  and  operated  for,  say,  15  years 
under  peacetime  conditions),  and 

•  budget  (DTLCC  goal) . 

This  figure  is  based  on  hypothetical  aircraft  of  essentially  the  same  •lorfoniinneo 
(speed,  range) .  LCC  is  the  total  cost  for  development,  procurement,  and  operat ion.  Cost 
degree.. ion  effects  for  increasing  production  quantities  are  included. 

The  requirement  to  stay  within  a  limited  LCC  budget  can  be  satisfied  both 

•  by  a  small  number  of  1  a rge  aircraft,  and 

•  by  i  ’ arge  number  of  sma 1 1  aircraft. 
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this  means,  e.g.,  iOO  small  aircraft  instead  '•{  ZOO  large  aircraft  . 
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I’ ho  larger  fleet  of  small  aircraft,  on  the  other  hand,  promises  tactical  advantages , 
e.^j.  due  to  saturation  effects  over  enemy  country.  Also*  the  fact  that  weapons  tend  ♦  oe 
come  smaller  and  more  effective  favours  the  solution  of  a  small  rather  than  a  larje  uir- 
craf  t . 

Whatever  operational,  tactical  or  political  aspects  may  became  relevant  during  the 
decision  process,  -  cost  analysis  will  continue  to  play  a  dominant  role. 
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•  Cost  Impact 


BES3SE13  Two-Seater  vs.  Single-Seater 


Change  in  Requirement  from  Single-Seater 
to  Two  Seater 

•  Design  Approaches 

•  Cost  Impact 


BESSES  Two-Seater  *e  Sktgle-Seeter  (2) 


■ESSSSS3  Coet-Senslttvtty  of  U)  and  S  E  P. 


Potential  Cost  Drivers  of  Avionics 


FIGURE  13 


t 

i 


FIGURE  m 


Other  Component* 


Potential  Cost  Drivers: 

BES35S3  Example:  Fuel  System  ot  a  Hypothetical 
Combat  Aircraft 


Potential  Cost  Drivers: 

iijfllSiMUimal  Example:  Hydraulic  System  of  a 
Hypothetical  Combat  Aircraft 


Interrelationship  between  Aircraft  Site, 
Total  Budget,  and  Fleet  Sire 


7-! 


EVOLUTION  OF  TECHNIQUES  FOR  l.CC  ANALYSIS 
J.  M.  JONES 

BRITISH  AEROSPACE  AIRCRAFT  GROUP,  WARTON  DIVISION 
PRESTON,  U.K. 

The  paper  identifies  the  need  to  control  aircraft  Operating  and  Support  Costs,  starting  with  a  co¬ 
ordinated  approach  to  Life  Cycle  Cost  Analysis  during  the  conceptual  design  stage.  It  discusses  some  of 
BAe  Warton  Division's  experiences  in  the  development  and  use  of  LCC  Models.  Also  it  presents  the  limitations 
of  existing  systems  together  with  examples  of  our  current  programme  of  work  on  this  subject. 

1.  INTRODUCTION 

As  an  introduction  to  this  paper  it  is  important  to  comment  on  some  of  the  factors  which  account  for 
British  Aerospace  becoming  involved  in  Life  Cycle  Cost  Analysis  (LCCA) . 

In  the  UK  during  the  1960's  a  growing  concern  developed  over  the  Increasing  demands  of  maintaining 
modern  military  combat  aircraft  and  the  availability  levels  required  for  effective  peace  time  training 
sorties.  One  problem  being  an  increase  in  the  numbers  and  level  of  expertise  required,  in  terms  of  mainte¬ 
nance  manpower  and  the  additional  equipment  spares  levels  and  consequent  financial  Investment  required.  At 
the  same  time  Fig.  1(a)  illustrates  the  effective  reduction  in  the  defence  budget  when  related  to  GNP  and 
hence  the  squeeze  on  funds  available  for  Developing  and  Procuring  new  Weapon  Systems.  This  reduction  in 
money  available  has  certainly  been  apparent  in  the  numbers  of  new  aircraft  types  entering  service  over  rec¬ 
ent  years,  as  illustrated  in  Fig.  1(b). 

Obviously  within  these  very  tight  fiscal  constraints  the  pressure  is  on  to  strive  for  improving  per¬ 
formance  in  all  areas.  The  contractors  are  subject  to  severe  cost  control  systems  on  the  Development  and 
Production  Phases  of  major  weapon  system  programmes.  There  are  requirements  to  improve  performance  on  the 
various  Operating  and  Support  parameters  as  shown  by  Fig.  2.  However  in  general  terms  there  has  until 
recently  been  little  formal  co-ordination  of  these  efforts  to  ensure  that  the  optimum  cost  effective  end 
product  is  being  produced. 

Towards  the  end  of  the  1960's,  the  Aerospace  Industry  was  experiencing  an  increasing  involvement  in 
the  conceptual  design  studies  associated  with  the  specification  of  future  combat  aircraft.  As  part  of  these 
responsibilities  a  number  of  computerised  parametric  models  were  being  developed  covering;  aircraft  config¬ 
uration,  performance  and  operations  analysis.  These  systems  allow  a  comprehensive  analysis  of  a  number  of 
alternative  solutions,  in  relation  to  a  given  or  anticipated  threat,  to  be  studied.  Within  the  Warton 
Division  of  British  Aerospace  it  was  decided  to  take  this  opportunity  to  develop  a  Model  to  perform  trade¬ 
offs  of  cost  against  aircraft  performance  and  also  measure  the  nett  cost  gains  due  to  improving  Operating 
and  Support  parameters.  This  model  relied  upon  a  number  of  individual  estimating  relationships  and  exper¬ 
ience  already  available  within  the  Company,  which  when  combined  provided  a  comprehensive  set  of  relation¬ 
ships  enabling  us  to  perform  cost  effectiveness  analyses. 

At  this  time  there  was  no  formal  definition  of  Life  Cycle  Cost  (LCC)  or  requests  for  LCC  information 
from  our  Government  and  therefore  the  parametric  models  were  developed  to  meet  the  specific  in-house  require¬ 
ments  . 

In  addition  to  developing  the  models  it  was  necessary  to  gain  acceptance  of  them  and  sign  f leant  manag¬ 
ement  effort  was  expended  in  discussing  the  concept  of  Life  Cycle  Cost  Analysis  (LCCA)  with  the  Government 
and  other  areas  of  the  Aerospace  Industry.  In  certain  areas  this  was  straight  forward  since  a  number  of 
organisations  had  already  been  developing  their  own  models.  However,  in  general  terms  there  were  problems 
since  the  acceptance  of  LCC  usually  conflicts  with  other  interests.  Examples  may  be  the  demand  for  greater 
performance  and  technological  sophistication,  or  various  policy  dictates,  such  as  fleet  strengths,  spares 
provisioning  and  manning  levels.  This  problem  of  gaining  acceptance  of  first  the  concept  and  then  the 
results  of  LCCA  has  been  a  major  item  and  is  dealt  with  later  in  the  report. 

2.  ORIGINS  OF  LCCA 

2.1  Cost  Elements  Included  in  Life  Cycle  Cost  Model  (LCCM) 

The  original  LCCM  used  In  the  conceptual  aircraft  design  studies  was  a  computerised  set  of  parametric 
coat  estimating  relationships  covering  the  list  of  elements  given  in  Fig.  3.  The  object  of  these  trade-off 
studies  wero  to  compare  the  relative  differences  of  each  of  the  aircraft  designs  in  terms  of  both  performance 
and  cost . 

Although  the  terminology  used  in  Fig.  3  reflects  specific  experience,  in  general  terms  the  areas  of 
cost  appear  to  be  similar  to  those  Included  in  other  LCCM's.  This  is  usually  only  at  the  macro  level,  how¬ 
ever,  since  comparisons  against  other  published  models  suggest  that  they  can  be  very  different  In  detail 
definition.  Thus  great  care  should  be  taken  in  ensuring  consistency  of  LCC  when  obtained  from  differing 
sources.  The  choice  of  cost  elements  included  in  the  model  represent  the  direct  areas  of  programme  cost 
affected  by  the  specific  aircraft  design. 

2.2  Construction  of  Cost  Model 

The  model  was  constructed  as  shown  in  Fig.  4.  The  Acquisition  costs  being  calculated  first  using  a 
model  generated  from  data  on  previous  B.Ae  projects.  The  LCCM  then  calculates  the  Reliability  and  Maintain¬ 
ability  (R  and  M)  characteristics  of  the  aircraft,  again  based  on  previous  experience  but  with  the  capabi¬ 
lity  to  include  technical  factors  to  represent  the  order  of  improvements  anticipated  for  the  next  generation 
of  aircraft.  Finally,  the  assumed  utilisation,  logistic  and  maintenance  parameters  are  fed  in  and  the  Initial 
Support  and  the  Operating  and  Support  (0  k  S)  costs  generated. 

The  major  constraint  when  generating  the  model  was  the  availability  of  data.  For  the  initial  programme 
costs,  information  was  available  on  a  reasonable  number  of  projects  and  more  importantly  the  information 
tended  to  be  in  sufficient  detail  to  be  able  to  group  homogeneous  categories  of  cost  (l.e.  Engineering 
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Design,  Testing,  Manufacture,  etc.).  One  area  whlcb  did  present  difficulties  were  the  Bought-Out  costs, 
since  it  Is  jnly  on  the  sore  recent  projects  that  Companies  have  had  procurement  responsibility  and  hence 
coat  information  on  major  items  of  equipment  such  as  Avionics.  It  is  interesting  to  note  that  on  more 
recent  projects,  where  the  tendency  has  been  for  collaborative  programmes,  Contractors  are  only  responsible 
for  part  of  an  aircraft.  Thus  to  compile  the  total  costs,  the  Contractor  has  to  rationalise  the  differing 
companies/countries  levels  of  cost,  including  the  effect  of  fluctuating  currency  exchange  rates  whlcb  has 
proved  particularly  difficult. 

For  the  0  k  S  costa,  however,  the  availability  of  data  has  been  very  sparse.  The  existing  systems  for 
recording  costs  tended  to  be  either  very  detailed  for  the  specific  logistic,  engineering  control  of  aircraft 
in  service  and  not  amenable  to  aggregating  data  to  summarised  levels,  or  it  was  recorded  at  the  macro  level 
for  the  overall  fiscal  planning/control  of  projects.  This  is  reflected  in  the  model  Itself  where  there  are 
twice  the  number  of  Cost  Estimating  Relationships  (CER's)  for  the  Acquisition  Cost  compared  with  the  Opera¬ 
ting  Costs. 

To  a  large  extent  the  LCC  analyst  still  suffers  from  inadequate  data  recording  systems  for  aircraft 
0  4  S  costs.  The  work  gone  into  analysing  the  information  systems  means  that  the  problems  and  limitations 
are  now  appreciated  in  more  detail  and  it  is  possible, therefore, to  improve  the  quality  of  the  output  by 
allowing  for  its  known  deficiencies.  This  is  done  both  subjectively  on  an  individual  basis  by  hand  and 
automatically  on  large  amounts  of  data  via  the  use  of  computer.  Obviously  this  still  does  not  fully  compen¬ 
sate  for  the  required  recording  systems  and  proposals  for  overcoming  the  remaining  problems  are  discussed 
later  in  the  report. 

2.3  Initial  Applications  of  LCCA 

Having  identified  the  origins  of  the  LCCM  some  of  the  initial  applications  of  the  model  are  briefly 
discussed.  The  first  use  of  the  LCCM  was  to  examine  the  distribution  of  costs  to  determine  the  significant 
areas.  A  typical  distribution  for  an  advanced  combat  aircraft  is  given  in  Fig.  5.  As  expected  the  0  ft  S 
costs  represent  a  significant  portion  of  the  total  LCC  bill.  The  precise  distribution  can  be  affected  by 
choice  of  elements  and  definition,  however,  as  shown  the  Acquisition  Costs  represent  54%  of  total  LCC,  the 
Initial  Support  8%  and  the  Operating  Phase  38%. 

It  should  be  noted  that  this  particular  analysis  includes  the  whole  cost  of  industry  overheads  but 
none  of  the  MOD/RAF  overheads.  This  is  typical  of  models  used  to  evaluate  cost  differences  of  alternative 
aircraft  configurations,  since  the  magnitude  of  these  other  areas  are  not  relevant  to  the  choice  of  project. 
However  when,  for  example,  reviewing  future  expenditure  in  order  to  identify  areas  for  economy  then  all  cost 
elements  should  be  considered,  including  the  very  significant  cost  of  MOD/RAF  overheads  (estimated  to  be  of 
the  order  of  1.8  x  the  amount  spent  on  buying  new  aircraft). 

Having  established  the  cost  distribution  it  was  then  possible  to  evaluate  the  relative  cost  of  the 
alternative  aircraft  solutions  to  determine  what  effect  the  use  of  LCC  rather  than  initial  programme  costs 
would  have.  Results  typical  of  this  type  of  analysis  are  given  in  Fig.  6. 

Prior  to  the  advent  of  LCCA  the  cost-effectiveness  graph  would  have  utilised  the  initial  acquisition 
cost  of  the  weapon  system,  Fig.  6(1).  Including  cost  of  ownership  into  the  analysis,  as  shown  in  Fig.  6(ii), 
alters  the  relative  importance  of  certain  of  the  design  concepts .  For  example  the  structural  complexities 
of  VG  become  less  prominent  when  considered  in  LCC  terms  (points  1,3,5).  Also  modification  to  existing 
aircraft  may  be  less  costly  initially  but  is  far  less  attractive  when  Including  the  total  cost  of  ownership 
(point  7).  Also  the  LCC  comparison  shows  the  effect  of  the  second  engine  for  aircraft  5  and  6  in  terms  of 
additional  repair  and  fuel  costs. 

Although  Fig.  6  shows  how  the  ranking  of  aircraft  designs  can  change  when  analysed  on  LCC  basis, 
particularly  for  differing  technologies,  it  also  shows  the  basic  problem  that  the  decision  maker  has  i.e.  on 
a  cost  effectiveness  plot  which  point  gives  him  the  best . solution . 

2.4  Refinements  to  LCCM 

The  continued  use  of  the  LCCM  in  aircraft  trade-off  studies  led  to  Improving  ths  model  in  specific 
areas  to  Incorporate  the  required  sensitivity  to  design  parameters .  One  of  the  areas  developed  for  example 
was  the  cost  of  'Reserve  Aircraft',  where  the  initial  programme  assumed  a  constant  ratio  to  the  numbers  of 
front  line  aircraft.  Examination  of  historical  data  suggested  that  single  engined  aircraft  had  a  higher 
loss  rate/Flying  Hour  than  twin  engined..  Since  the  trade-off  studies  usually  Included  both  single  and  twin 
engined  aircraft  the  equations  were  modified  to  make  the  numbers  of  reserve  aircraft  a  function  of  number 
of  engines/aircraft.  There  arv,  of  course,  many  other  parameters  which  account  for  aircraft  loss  rate  but 
examination  suggested  that  the  remainder  were  second  order  terms. 

The  model  was  also  developed  to  take  further  account  of  changes  brought  about  by  Technology,  in  parti¬ 
cular  the  trend  in  R/M  Improvements  with  future  aircraft,  and  other  innovations  such  as  the  effect  of 
modular  build  of  LRU's  which  had  to  be  accounted  for. 

Aga  In  typical  trade-off  studies  would  include  existing  and  new  engine  configurations,  which  required  t 

analysis  of  the  effect  of  varying  degrees  of  modularity  and  TBO  giowth.  Since  there  was  very  little  exper¬ 
ience  of  what  the  effect  of  modular  engines  was  likely  to  be  on  0  It  S  costs  the  CER's  were  modified  using  a 
theoretical  mathematical  analysis  of  changes  to  Spares  provisioning  and  engine  repair  costs.  Subsequently 
these  results  have  shown  close  agreement  to  similar  studies  carried  out  by  Rolls  Royce. 

3.  EVOLUTION  OF  LCCA 

3.1  Gaining  Credibility  In  LCCA 

By  the  mid  1970‘s  LCC  analysis  had  progressed  from  our  Initial  in-house  studies  to  form  a  major  part 
of  coat  propoaal  submissions  in  response  to  RFP’s  from  our  own  Government  and  potential  overseas  customers. 


One  of  the  early  stumbling  blocks,  which  to  a  lesser  extent  we  still  suffer  frost,  Is  the  credibility 
of  the  LCC  estlnates.  This  was  due  to  two  reasons:  first  the  lack  of  consistency  of  LCC  submissions  between 
various  contractors  and  secondly  the  lack  of  understanding  of  how  the  LCC  submissions  should  be  used. 

The  initial  development  of  LCC  methods,  carried  out  by  Industry  and  the  Government  In  relative 
Isolation,  resulted  in  a  set  of  inconsistent  submissions  typically  illustrated  in  Pig.  7.  This  particular 
comparison  was  supposedly  for  the  same  aircraft,  assuming  the  same  utilisation,  deployment,  logistic  and 
maintenance  support.  After  an  extensive  Investigation  into  both  submissions  requiring  many  manhours  of 
effort  it  was  concluded  that  the  main  reasons  for  the  differences  were  the  varying  assumptions  as  to  which 
cost  elements  should  be  Included  in  the  analysis.  It  is  acknowledged  that  no  project  manager  could  use  LCC 
as  a  basis  for  choosing  between  alternative  designs  whilst  inconsistencies  of  this  magnitude  are  possible, 
since  he  would  not  have  the  resources  available  to  fully  rationalise  the  differing  Inputs.  In  the  case  of 
our  own  Government  the  short  term  solution  has  been  for  them  to  do  their  own  analysis,  discussing  with  the 
contractors  their  relative  inputs  to  ensure  that  their  methods  are  reflecting  the  true  merits  of  the  designs. 
The  longer  term  solution  is  for  further  joint  development  of  the  models  with  the  programme  of  work  outlined 
in  section  5. 

The  other  problem  in  gaining  credibility  for  the  results  of  the  LCCA  is  that  of  understanding  what 
the  models  are  trying  to  simulate,  In  relation  to  existing  logistic  and  maintenance  policies. 

In  certain  areas  there  exists  a  negative  approach  to  LCC  suggesting  that  cost  savings  which  cannot 
be  realised  should  not  be  included  in  any  LCC  analysis.  This  philosophy  is  consistent  with  the  task  of 
compiling  an  estimate  of  the  likely  budget  levels.  However  in  many  instances  the  object  of  LCCA  is  not  to 
predict  future  budget  requirements  but  to  provide  cost  information  to  be  used  as  part  of  the  decision  making 
process.  Used  in  this  way  the  Project  Manager  also  needs  the  understanding  of  how  the  figures  have  been 

compiled  in  order  that  he  can  identify  which  of  the  benefits  are  likely  to  affect  the  budget  and  which  are 

likely  to  be  realised  only  through  enhanced  Operability  or  by  changing  the  existing  procurement  and  support 
procedures . 

It  is  this  lack  of  knowledge  and  understanding  of  how  LCC  can  be  used  and  the  corresponding  assump¬ 
tions  employed  in  deriving  each  set  of  results,  that  creates  the  problems  regarding  the  credibility  of  the 

studies . 

An  important  part  of  understanding  LCCA  is  recognising  that  in  general  there  are  two  quite  different 
types  of  studies.  The  first  approach  is  to  predict  likely  budget  levels  for  the  cost  of  ownership  for  a 
future  aircraft  project.  The  important  aspects  of  this  task  are  to  ensure  that  the  absolute  cost  level  and 
corresponding  cash  flow  are  reasonably  accurate.  The  assumptions  for  the  exercise  would  be  broad  guidelines 
which  are  probably  independent  of  the  final  aircraft  configuration.  The  second  requirement  is  to  quantify 
the  effect  of  differing  design  aspects,  including  level  of  technology,  on  the  relative  LCC  of  the  alterna¬ 
tive  aircraft  configurations. 

The  solution  lies  in  the  manager  being  more  aware  of  the  LCC  tools  available  and  more  specific  when 
defining  his  requirements  in  terms  of  cost  information  and  any  programme  constraints  which  should  be  included 
in  the  analysis. 

Also  ensuring  that  when  the  results  are  submitted  that  they  are  sufficiently  well  defined/qualified 
so  that  he  can  understand  how  to  interpret  them. 

This  problem  appears  to  have  been  recognised  in  the  UK  and  there  now  exists  a  far  closer  working 
relationship  between  the  Contractor  and  MOD  on  costing  studies  and  the  development  of  new  costing  methods. 

3.2  Accounting  for  Effectiveness  in  LCCA 

The  LCC  of  any  given  design  represents  only  one  half  of  the  story.  The  overall  picture  has  to  also 
consider  the  relative  effectiveness  of  the  aircraft  configuration.  It  is  not  the  Intention  of  this  paper  to 
discuss  the  methods  used  in  calculating  aircraft  effectiveness  since  this  is  a  specialised  discipline  in 
Itself.  However  it  is  important  to  illustrate  how  differences  in  relative  aircraft  effectiveness  can  be 
Introduced  Into  the  LCCA  and  also  point  out  that  agreed  definitions  and  assumptions  are  as  important  (if  not 
more  so)  In  calculating  effectiveness  as  when  calculating  the  cost. 

The  examples  given  so  far  in  the  report  have  in  general  assumed  a  constant  fleet  size  (front  line 
strength)  and  result  in  the  type  of  cost-effectiveness  graph  illustrated  in  Fig.  6.  To  decide  which  of  these 
aircraft  offers  better  value  for  money  is  very  difficult  unless  you  know  how  effectiveness  and  cost  rank 
relative  to  one  another  in  your  decision  criteria.  For  example,  is  it  worth  paying  the  extra  cost  of 
configuration  1  relative  to  configuration  2  in  order  to  achieve  the  increment  in  effectiveness. 

An  alternative  approach  is  to  present  the  picture  on  a  constant  effectiveness  (hence  varying  fleet 
size)  basis.  This  format  Is  illustrated  In  Fig.  8  where  line  A  is  the  usual  way  of  expressing  the  relative 
LCC  assuming  constant  fleet  size.  However  if  for  each  configuration  the  number  of  aircraft  required  to 
attain  the  same  level  of  effectiveness  was  calculated  and  the  corresponding  fleet  size  used  to  determine 
the  LCC,  then  line  B  would  show  the  relative  LCC  for  each  of  the  configurations  to  achieve  the  same  level 
of  effectiveness. 

The  major  problem  with  this  approach, of  course, is  choosing  how  to  define  effectiveness  since  many 
possible  definitions  exist.  This  particular  example  uses  the  maximum  number  of  kills  per  day  In  the  defen¬ 
sive  air  role  assuming  intruders  penetrating  at  M  =  0.8  altitude  40,000  ft.  and  continuous  operation. 

Although  a  host  of  possible  scenarios  and  assumptions  could  have  been  used  as  the  criteria  for  effectiveness, 
the  extensive  modelling  routines  available  on  thla  subject  enable  us  to  very  quickly  evaluate  a  wide  range 
of  alternatives  in  order  to  examine  the  variability  of  the  resulting  cost-effectiveness  over  the  range  of 
likely  scenarios  and  mission  parameters.  This  is  usually  more  important  than  the  'beat'  solution  for  a 
particular  scenario  or  even  a  'beat  mean'  value. 
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LCCA  for  Overseas  Sales 


One  of  the  original  criteria  for  formulating  the  LCC  model  was  for  it  to  be  suitable  for  use  in 
aircraft  conceptual  design  trade-off  studies.  This  criteria  virtually  defined  the  structure  of  the  model, 
including  the  choice  of  cost  elements  and  input  variables.  As  the  concern  over  aircraft  0  fc  S  costs  has 
become  recognised  by  more  and  more  Air  Forces  there  has  been  a  corresponding  increase  in  the  request  for 
LCC  information  particularly  when  having  to  respond  to  RFP's  from  overseas  customers.  In  the  majority  of 
these  cases  he  aircraft  being  considered  has  been  in-service  for  a  number  of  years  and  the  LCC  can  be 
compiled  by  using  values  actually  being  recorded.  However  when  dealing  with  aircraft  types  which  have  not 
been  in  service  long  enough  to  demonstrate  their  cost  of  ownership  the  available  data  has  to  be  supplemented 
with  the  use  of  some  form  of  LCC  model.  For  these  applications  a  model  has  been  constructed  enabling  trade¬ 
offs  peculiar  to  this  type  of  problem  to  be  carried  out.  In  general, the  trade-offs  on  aircraft  technical 
parameters  are  limited  to  relatively  minor  modifications  to  the  aircraft.  The  majority  of  trade-offs  tend 
to  be  in  terms  of  aircraft  Utilisation,  Deployment  and  Support  Philosophy.  Note  that  for  existing  aircraft 
the  model  outputs  have  to  fit  any  published  data. 

3.4  Summary  of  Major  Arisings 

To  summarise  some  of  the  main  points  emerging  from  the  evolution  process,  we  have:- 

(i)  it  is  Important  to  achieve  credibility  in  the  LCC  estimates.  This  can  be  achieved  by  education  and 
discussion  with  both  contractor/MOD. 

(ii)  LCC  should  not  be  considered  in  isolation,  the  LCC  studies  have  to  be  viewed  from  an  overall  cost- 
effectiveness  point  of  view. 

(ill)  The  concept  of  a  comprehensive  LCCM  for  universal  application  is  not  practical,  the  possible  useful 
applications  for  LCCA  i;  increasing  all  the  time  and  models  have  to  be  continually  developed  to  suit  the 
requirements  of  each  individual  problem. 

4.  EXAMPLES  OF  LCCA/COMMENTS  ON  CURRENT  STUDIES 

Earlier  sections  have  indicated  the  general  formulation  of  the  models,  how  they  have  developed  and  their 
general  use  in  aircraft  configuration  trade-off  studies.  However, this  is  not  the  sole  use  of  LCCA  and  this 
section  tries  to  illustrate  the  scope  of  application  by  describing  somewhat  differing  applications  of  LCCA. 

4.1  Use  of  LCCA  in  R  &  M  Analysis 

The  first  example  is  a  study  to  determine  the  likely  LCC  savings  due  to  introducing  a  R/M  enhancement 
programme  to  a  new  aircraft  project.  The  LCCM  was  used  to  determine  the  important  cost  drivers  and  to  then 
quantify  the  effect  of  the  adopted  strategy. 

The  analysis  of  the  Acquisition  phase  was  carried  out  at  Work  element  level  (e.g.  Design,  Testing, 
etc)  and  the  Operating  phase  at  system  level  (e.g.  Airframe,  Equipments,  Avionics). 

Some  of  the  major  points  arising  from  the  analysis  are  illustrated  in  Fig.  9.  These  are:- 

(i)  Vendor  costs,  which  are  proportional  to  the  number  of  components  included  in  the  R/M  strategy,  are  a 
significant  proportion  of  the  additional  investment  costs.  Optimum  LCC  gains  can  be  achieved  by  selecting 
15-20%  of  the  components. 

(ii)  Airframe  R  testing  of  components  should  be  applied  only  to  the  minimum  number  of  components,  selection 
being  justified  on  a  cost-effective  basis. 

(ill)  R  Improvements  gave  greater  LCC  savings  than  M. 

Some  of  the  trade-offs  were  infact  too  detailed  for  existing  models  and  these  had  to  be  supplemented 
with  a  subjective  analysis.  This  was  especially  so  for  analysis  at  LRU  level.  This  latter  shortcoming  in 
the  programme  has  since  been  rectified  by  developing  another  system  which  allows  trade-offs  at  LRU  level  of 
R,  MTTR,  Testability  and  Logistics  support  concepts. 

Two  additional  facets  to  the  analysis  were:- 

(i)  to  quantify  the  resulting  change  in  effectiveness  (in  this  case  measured  as  wartime  sortie  generation) 

(11)  to  Investigate  the  effect  on  cost  saving  of  delaying  the  decision  to  change  the  logistics  support 

levels . 


Fig.  10(a)  illustrates  the  benefit  of  Improved  effectiveness  and  how  the  result  varies  with  the 
definition  of  effectiveness.  The  method  of  calculation  was  very  similar  to  Fig.  8  where  the  benefits  of 
Improved  R/M  were  converted  into  a  reduced  fleet  size  in  order  to  maintain  constant  effectiveness.  Fig.  10(b) 
illustrates  the  rate  of  cost  saving  over  the  life  of  the  project.  The  point  to  note  is  that  the  logistic 
and  maintenance  support  policies  have  to  be  changed  in  order  to  realise  the  cost  savings  and  the  later  this 
decision  is  taken  the  lower  the  actual  cost  reduction  will  be. 

As  a  further  point  of  discussion  on  this  item,  the  sensitivity  analyses  performed  using  -the  model 
confirmed  the  need  to  Improve  R  and  M  values  in  order  to  reduce  the  0  l  S  costs  of  future  aircraft  (Fig. 11). 
However  they  also  showed  the  need  for  careful  housekeeping  and  project  control  throughout  the  life  of  the 
aircraft.  Fig. 11  shows  how  O  k  S  cost  savings  achieved  through  dedicated  and  costly  design  to  Improve 
RAM  can  be  wasted.  For  example,  delays  in  the  repair  cycle  of  defective  LRU's,  or  insufficient  fault 
diagnosis  before  removing  a  LRU  from  the  aircraft.  It  is  n<t  suggested  that  the  absolute  order  of  these 
costs  is  very  accurate  since  this  particular  model  limits  the  amount  of  interaction  between  variables. 
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However  to  a  first  order  of  magnitude  it  does  indicate  the  sensitive  areas  and  parameters. 

4.2  The  use  of  LCCA  to  Optimise  ‘ircraft  Training  Fleets 

Here  our  task  was  to  analyse  a  current  pilot  training  programme  and  to  determine  which  mix  of  aircraft 
meets  these  requirements  with  minimum  LCC.  The  major  variables  Included  in  the  analysis  were  aircraft 
utilisation,  relative  LCC  and  effectiveness  (in  terms  of  Number  of  FH/course,  student  drop-out  rate). 

The  approach  was  to: 

(i)  carry  out  a  sensitivity  analysis  to  identify  the  high  cost  areas  and  to  ensure  that  the  model  was  not 
over  simplified  on  these  elements. 

(ii)  Calculate  the  relative  LCC  of  alternative  fleet  mixes. 

The  type  of  results  obtained  are  shown  in  Fig.  12. 

Although  this  particular  analysis  was  purely  an  in-house  study  this  approach  has  been  used  succes- 
fully  by  Rhein  Flugzeugbau  GmbH  as  part  of  their  official  submissions  on  the  FAN  TRAINER. 

4.3  The  Use  of  LCCA  in  Budget  Costing  vs  Opportunity  Costing 

Finally  an  example  chosen  to  demonstrate  the  difference  in  philosophy  between  Budget  costing  and 
Opportunity  costing. 

The  object  of  this  study  was  to  illustrate  the  potential  cost  savings  available  if  policy  dictates 
could  be  optimised  to  a  specific  aircraft  configuration.  If  required  this  type  of  analysis  can  also 
illustrate  how  the  'extra'  investment  would  improve  the  effectiveness  of  the  aircraft. 

The  major  differences  between  the  two  aircraft  included  in  the  analysis  was  the  choice  of  power  plant; 
Config.  A  had  two  existing  modern  turbojets  of  modular  construction,  Config.  B  had  a  single  uprated  engine 
of  an  earlier  technology. 

Two  methods  of  costing  were  assumed  (See  Fig.  13):  (i)  CASE  1  -  assumes  constant  fleet  size,  spare 

engines  and  manning  levels  and  hence  any  differences  in  LCC  are  due  in  the  main  to  the  relative  UPC.  This 

approach  is  consistent  with  establishing  an  overall  budget  for  a  new  project.  (ii)  CASE  2  -  assumes 
differing  reserve  aircraft  for  single/twin  engine  attrition,  fewer  spare  engines  for  the  modular  concept 
and  improved  TBO  growth  for  existing  engine. 

This  approach  is  termed  'Opportunity  Costing'  since  the  theoretical  cost  differences,  which  are  a 
function  of  the  design  parameters,  assume  that  the  various  support  policies  can  be  changed  as  required. 

The  results  of  the  two  approaches  are  shown  in  Fig.  13  and  it  can  be  seen  that  too  broad  an  approach 
to  LCC  can  result  in  overlooking  significant  cost  differences  between  alternative  configurations.  One 
significant  conclusion  illustrated  by  the  above  example  is  that  when  doing  an  LCC  study  it  is  particularly 
important  to  look  at  the  high  cost  areas,  to  ensure  that  the  model  being  used  is  sensitive  to  the  design 
differences . 

Also  without  identifying  these  differences  on  the  cost  of  ownership  via  a  LCCA  it  would  not  be 

possible  to  plan  ahead  and  change  the  support  policy  to  realise  the  cost  savings  of  CASE  2  and  would  infact 

probably  end  up  at  the  levels  Indicated  in  CASE  1  whatever  configuration  was  chosen. 

5.  CURRENT  STUDIES 

Obviously  we  are  continually  involved  in  LCCA  studies  on  a  wide  variety  of  applications,  as  Indicated 
in  section  4.  In  addition  to  these  studies,  however,  we  are  also  heavily  committed  to  improving  our  overall 
LCC  modelling  capability,  in  particular  to  increasing  both  Industry's  and  MOD’S  understanding  and  hence 
confidence  in  the  methodology  and  therefore  in  the  results,  (it  has  been  mentioned  earlier  in  the  report 
that  consistency  of  submissions  and  credibility  in  the  results  have  been  major  obstacles  in  the  use  of 
LCCA  in  decision  making  process) . 

LCC  falls  into  the  two  major  areas  of  Acquisition  and  Operating.  The  methods  of  estimating  the 
Acquisition  phase  costs  have  evolved  over  a  number  of  years  and  although  we  do  not  have  common  cost  models 

we  do  know  how  in  general  other  various  organisations  put  their  costs  together  and  can  identify  differences 

between  submissions  in  detail.  We  are , therefore , tending  to  concentrate  our  studies  on  the  development  of 
0  &  S  cost  models  where  the  situation  is  somewhat  less  satisfactory. 

5.1  Development  of  LCCA 

The  main  headings  of  the  programme  of  work  on  which  we  are  currently  Involved  are  as  follows: 

5.1.1  Establish  a  cost  breakdown  structure  and  define  terminology  -  This  is  one  of  the  fundamental  items 
in  understanding  LCC.  Our  objective  is  to  construct  a  cost  breakdown  structure  for  the  Operating  and  Support 
phase  which  is  as  comprehensive  as  the  system  used  to  control  the  Bpend  in  the  Acquisition  Phase.  This  means 
we  have  to  expand  the  number  of  elements  at  the  Levels  2  and  3  shown  in  Fig.  14  and  to  define  the  work 
content  of  each. 

It  is  not  anticipated  that  all  models  would  include  all  elements  but  that  the  structure  of  the 

model  would  be  consistent  with  the  task  to  be  studied.  For  example,  an  analysis  of  engine  change  times  need 

not  include  any  elements  associated  with  the  Airframe  and  Avionics. 
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5.1.2  Reference  System 

It  Is  important  to  understand  what  goes  into  LCC,  and  why  it  is  being  done.  To  do  this  a  reference 
system  needs  to  be  established  to  identify  the  areas  given  below 

(i)  Utilisation  plan  -  assumptions  regarding  how  aircraft  are  operated  during  their  service  life,  e.g. 
changing  role,  modifications,  etc.. 

(ii)  Maintenance  and  Support  Concepts  -  (a)  Opportunity  Cost  or  Budget  Cost  -  (b)  constraints  or  changes 
to  existing  operating  policy  which  are  relevant  to  the  exercise. 

(iii)  Fiscal  Constraints  -  how  to  compare  alternative  proposals  when  they  occupy  differing  time  frames, 
e.g.  cash  limits  on  any  particular  year  within  the  analysis. 

5.1.3  Cost  Model  Development 

Ensure  that  the  models  are  consistent  in  their  use  and  in  meeting  the  objectives  of  the  study.  The 
starting  point  for  this  part  of  the  study  is  the  reconciliation  of  existing  LCC  models,  using  the  better 
points  from  each  to  form  agreed  systems. 

5.1.4  Review  Information  Systems 

One  of  the  problems  in  developing  CER's  for  0  &  S  costs  has  been  the  lack  of  actual  cost  data 
available  in  a  usable  form.  Already  a  considerable  amount  of  work  has  been  done  in  the  UK  in  terms  of 
revising  information  systems  and  developing  'filtering'  systems  for  clearing  data. 

We  are  continually  involved  in  suggesting  improvements  we  would  like  to  see  to  existing  systems. 

Obviously  the  above  tasks  are  not  going  to  be  completed  over  night  but  we  do  have  the  commitment 
of  both  MOD  and  the  Aerospace  Industry  to  work  together  in  achieving  these  objectives.  It  is  reasonable 
to  assume,  therefore,  that  the  role  of  LCCA  on  the  decision  making  process  within  the  UK  will  become  more 
prominent  as  the  credibility  of  the  studies  increase  and  that  this  in  turn  will  result  in  the  reduction  in 
0  fc  S  costs  to  which  everyone  is  working. 

j  6.  CONCLUSION 

|  The  need  to  control  the  Operating  and  Support  costs  of  future  projects  at  the  conceptual  design  stage 

has  now  become  an  accepted  fact.  However,  it  has  to  be  approached  in  a  co-ordinated  manner  in  order  to 
achieve  maximum  effectiveness.  This  report  has  illustrated  that  LCCA  provides  a  means  of  as^-ssing  the 
overall  cost  implications  and  the  whole  range  of  design  considerations  which  lend  themselves  to  this 
approach . 

The  primary  problem  restricting  the  use  of  LCCA  to  date  has  been  the  lack  of  confidence  in  the  results 
due  to  the  lack  of  understanding  in  the  methods  used.  This  has  been  recognised  and  a  major  part  of  our 
future  work  is  designed  to  overcome  this  problem. 

B.Ae  itself  has  recognised  the  usefulness  of  LCCA  for  the  last  10  years  or  so  and  hence  its  designs 
will  reflect  the  benefits  of  this  in  terms  of  reduced  LCC.  Its  commitment  to  the  continued  development  of 
LCC  applications,  through  all  levels  of  design  studies,  will  ensure  that  they  remain  at  the  fore  in  this 
i  field. 

f  NOTE 


The  views  expressed  in  this  paper  are  those  of  the  author's  and  do  not  necessarily  represent  those  of 
British  Aerospace. 


r 


A)  RAF  Budget  &  Military  B)  Generation  of  New  Types 

Aircraft  R  &  D  Costs  and  Derivatives 
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List  of  Cost  Elements  lncL  in  LCCM 

Acquisition 

Development 

Production  Investment 

Series  Production 
-Front  Line  AE 
-Reserve  A/c 


Fig.  3 


Life  Cycle  Cost  Model 


Fig  4 


Initial  Support  Operating  Support 

Initial  Spares  Repair,  Overhaul, 

Initial  Consumables  Replenishment  Spares 

Age  Replenishment  Consumables 

Training  Equipment  Fuel 

Maintenance  Manpower 
Aircrew 


Distribution  of  Direct  Life  Cycle  Costs 


?v 


Relative  Cost  Effectiveness  Ranking  Using 
Different  Cost  Datums 


Fig.  6 


Example  of  the  Effect  on  Cost  Inconsistencies  in 
Current  LCC  Submissions 


Relative  LCC  Assuming  Constant  Effectiveness 
Versus  Constant  AE 
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Typical  Results  From  R  &  M  Enhancement  Analysis 


COST 

BENEFIT 


INCREASE  IN  VENDOR  COST/COMPONENT 


% 

COST 


% 

COST 


DISTRIBUTION  OF  INVESTMENT  COST 


INITIAL  OPERATING  MAINTENANCE 
SPARES  SUPPORT  MANPOWER 

DISTRIBUTION  OF  COST  SAVINGS 


Additional  Results  of  R&M  Study 


Effect  of  Including 
Mission  Effectiveness 
In  Analysis 


Rate^of  Cost  Saving  Due  to 
R&M  Enhancements 


(a) 


(b) 


Fig.  9 


Fig  10 
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Variation  of  LCC  with  Arising  Rate 
and  Turnround  Time  for  Spares 


ARISING/ HR 


Pilot  Training  Simulation 

With  a  Training  Fleet  of  2  Types  of  Aircraft 


FLEET 

LCC 


FLEET 

LCC 


WITH  CONSTANT  ASSUMPTIONS 
ON  OPERATION  AND  COURSE 
DETAILS  _ 


VARYING  STUDENT  SUCCESS  RATE 


VARIATION  IN  FLEET  MIX 
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Effect  on  Relative  LCC  of  Varying  Logistic 
Support  Assumptions 


CONSTANT  FLEET 
SIZE.  SPARES 
PROVISIONING  LEVELS 
&  MANNING  LEVELS 

CASE  1 


VARYING  RESERVE 
A/C  CONSTANT 
SPARES  ASSURANCE 
LEVELS 

CASE  2 


Fig.  13 


Cost  Breakdown  Structure 
Operating -Support  Phase 


Fig.  14 
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by 

ROBERT  I).  DIGHTON 
McDonnell  Aircraft  Company 
McDonnell  Douglas  Corporation 
St.  Louis,  Missouri 


Abstract 

A  primary  requirement  of  the  Hornet  program  is  significant  reduction  in  life  cycle  cost  (LCD  from  current  Navy  systems.  1'his  paper 
describes  the  design  and  management  techniques  used  by  the  Navy  and  McDonnell  Aircraft  C  ompany  (MCAIR).  the  Hornet  prime  contrac¬ 
tor,  to  develop  a  new  fighter  /at  tack  system  at  an  affordable  life  cycle  cost. 

Much  of  the  Hornet  program's  success  in  LCC  control  can  be  credited  to  firm  Navy  reliability  ( R )  and  maintainability  (NJ)  requirements 
which  the  contractor  has  guaranteed  to  meet  during  Full  Scale  Development.  Another  important  program  feature  is  the  substantial  B-  M- 
LC’C,  and  program  management  incentives  (totaling  S31)  M)  which  MCAIR  can  earn. 

Designing  to  life  cycle  cost  requires  the  designer  to  consider  key  elements  of  LCC  (  R.  M.  unit  production  cost,  and  logistics  support 
cost  elements  such  as  GSE,  spares,  training,  etc.)  in  parallel  with  his  traditional  concerns  with  weight  and  performance.  M(  AIR’s  multi- 
disciplined  trade  study  process  accommodates  all  relevant  LCC  considerations.  Examples  of  trade  studies  resulting  in  relatively  large  LCC 
avoidances  are  summarized  in  this  paper.  LCC  avoidances  of  almost  $2b0  million  have  been  documented  to  this  point  in  the  Hornet  program 

Another  key  LCC  control  technique  is  designing  and  testing  to  a  realistic  operational  mission  environment  (OMI  »  Consideration  ot 
LCC  factors  in  the  supplier  selection  process  has  also  resulted  in  large  cost  savings. 

The  Hornet  will  significantly  reduce  operating  and  support  costs  as  shown  by  comparison  with  the  O&S  costs  of  the  1 -4J  and  A-7|  I  he 
paper  concludes  with  a  summary  of  lessons  learned  during  the  Hornet  program. 

Introduction 

In  the  early  ll>70s  the  U.S.  Navy  began  to  plan  to  replace  both  the  1-4  fighters  and  A-7  light  attack  airplanes  in  the  tleet.  The  original 
Advanced  Navy  Fighter  (ANF)  study  program  evolved  into  the  Naval  Air  C  ombat  Fighter  (NACI  )  program  which  led  to  the  1-18  Naval 
Strike  F  ighter.  McDonnell  Aircraft  Company  (MC'AIR)  is  the  prime  contractor  for  this  program.  I  he  Hornet  uses  two  General  Electric 
F404  engines.  Major  program  objectives  and  features  are  summarized  in  Figure  I . 

PURPOSE 

•  REPLACE  F  4  NAVY  FIGHTER 

•  REPLACE  A  7  NAVY  ATTACK 

•  REPLACE  F  4  MARINE  FIGHTER/ATTACK 

•  IMPROVED  READINESS.  LOWE  R  OWNE RSHIP  COSTS 
MILESTONES 

•  FIRST  FLIGHT  NOVEMBER  1978 

•  DSARC  III  APRIL  1980 
CONTRACTORS 

•  MCDONNELL  DOUGLAS  Al R FRAME  PRIME  CONTRACTOR 

•  NORTHROP  AIRCRAFT  Al R FRAME  MAJOR  SUBCONTRACTOR 

•  GENERAL  ELECTRIC  F404  ENGINE  PRIME  CONTRACTOR 

04  J  I  ' 

FIGURE  1.  HORNET  PROGRAM  SUMMARY 

Ihe  I  - 18  requirement  was  generated,  in  part,  as  a  reaction  to  the  excessive  operating  and  support  costs  being  experienced  by  the  U.S 
Navy's  operating  forces.  A  corollary  consideration  was  the  need  to  improve  the  operating  Heel's  operational  readiness.  Therefore,  with  the 
Hornet  program  the  U.S.  Navy  initiated  contracting  for  improved  reliability  ( Bland  maintainability  (MUind  reduced  life  cycle  cost  (I  <  (  ) 

The  F/A-I8  Hornet  is  a  single-scat,  high-performance,  multi-mission  aircraft  which  will  replace  the  1-4  in  the  Navy's  fighter  role  ami  tin* 
A-7  in  the  Navy’s  light  attack  role;  as  well  as  replacing  the  Marines'  f  -4  s  in  their  fighter  attack  role  It  will  provide  the  tleet  with  large  im¬ 
provements  in  air  combat  maneuvering  performance  and  weapon  system  capability  relative  to  the  1-4  and  better  weapon  delivery  acctir.uv 
and  greatly  increased  survivability  relative  to  the  A-7.  For  the  first  lime,  a  high-performance  aircraft  has  been  designed  tor  both  lighter  and 
attack  capability  at  its  inception.  The  F'A-18  is  designed  with  full  fighter  and  attack  commonality.  That  is.  there  is  only  one  bask  am  rail 
configuration  in  both  hardware  anil  software.  Ihe  aircraft  in  squadron  service  will  be  missu»ni/ed  for  lighter  or  attack  roles  through  the 
selection  of  external  sensors  and  stores.  In  addition  »<>  the  obvious  life  cycle  cost  advantages  of  one  airplane  tor  two  di.'erent  missions, 
the  operational  commander  will  he  in  control  ot  a  more  versatile  and  flexible  Iorc  than  m  the  past 

Now.  as  the  Hornet  enters  the  Might  test  phase  oi  its  development,  seems  an  appropriate  time  to  review  this  program's  emphasis  on  im¬ 
proved  Ruud  M.  and  reduced  LCC.  first,  the  US  Navy's  program  requirements  ami  incentive  structure  are  described  Next,  the  I  A  -I  8 
design  features  which  contribute  to  signiheant  R  and  M  improvements,  relative  to  Inc  current  operating  fleet,  are  reviewed  I  asth  .  kev 
MCAIR  management  techniques  to  reduce  O&S  costs  are  discussed  Ihe  results  ot  these*  combined  efforts  are  greatlv  reduced  operating 
and  support  costs  for  the  Navy's  newest  aircraft 

DTI  T.(  (  Incentives 

A  new  contracting  initiative  adopted  by  the  US  Navy  tortile  Home*  program  was  the  use  ot  incentives  <  overuig  all  elements  o{  life 
cycle  cost  The  importance  of  incentives  for  motivating  the  contractors  to  control  both  production  amt  operating  plus  support  costs  is 
emphasized  by  the  relative  magnitude  of  these  cost  categories  m  Figure  T 

Development  cost  incentives  are  commonly  used,  but  provide  motivation  to  reduce  t*nl\  about  10  percent  ol  the  total  costs  A  spec  ilic 
incentive  to  control  production  costs  is  a  new  approach,  at  least  to  M(  AIR.  Ihe  Hornets  design-to  cost  f  I )  I  (  i  incentive  structure  is  de¬ 
signed  to  control  about  one-third  of  the  I.C’C.  Motivation  to  reduce  initial  support  and  operating  cost  categories  is  provided  h\  specific 
B  and  M  incentives. 
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FIGURE  2.  HORNET  LIFE  CYCLE  COSTS 


The  Navy  has  provided  substantial  incentives  lor  cost  control  in  the  full-scale  development  (FSD)  contracts  with  both  McDonnell 
Aircraft  anu  General  Electric.  MCAIR’s  contract  incentives  are  summarized  in  Figure  3.  The  development  cost  incentive  is  a  typical  80/30 
share  ratio,  with  the  contractor  liable  lor  30  percent  of  the  variance  from  the  target  cost.  The  design-to-cost  incentive  is  an  award/penalty 
approach.  MGAIR  stands  to  earn,  or  be  penalized,  I  5  percent  of  the  difference  between  the  negotiated  production  contract  target  for  the 
first  310  production  aircraft  and  the  DTC  objective  established  at  contract  go-ahead.  This  DTC  objective  is  adjusted  to  then-year  dollars 
by  applying  the  appropriate  inflation  indices.  Qualitative  life  cycle  cost/program  milestone  management  incentives  and  quantitative  R 
and  M  award  fees  are  outlined  in  Table  1 . 


MCDONNELL  DOUGLAS 

•  DEVELOPMENT  COST  INCENTIVE  =  80/20  SHARE  RATIO.  VARIANCE 

FROM  FSD  TARGET  COST 

•  DESIGN  TO  COST  INCENTIVE  =  85/15  SHARE  RATIO,  VARIANCE 

FROM  DTC  OBJECTIVE 


•  LIFE  CYCLE  COST/PROGRAM 
MILESTONE  MANAGEMENT 

AWARD  FEE  ^  $15,000,000  JAN  76  JAN  81 


•  RELIABILITY  AND  MAINTAIN 
ABILITY  AWARD  FEE 


«=  $24,000,000  EARLY  1980  TO 
EARLY  1982 


FIGURE  3.  FULL  SCALE  DEVELOPMENT  CONTRACT  INCENTIVES 


f 


r 


TABLE  1.  HORNET  LCC  INCENTIVES 

Potential  Award  Fee  =  $39  M 


1200  FH 

50  FLT 

R  DEMO 

2500  FH 

9000  FH 

MEAN  FLIGHT  HR 

BETWEEN  FAILURE 

$4  M 

$8  M 

MMH/FH,  "O"  LEVEL 
UNSCHEDULED 

$1.5  M 

$2.5  M 

$2.5  M 

DIRECT  MMH/FH 

$1.5  M 

$2.5  M 

MEAN  FLIGHT  HR  BETWEEN 
MAINTENANCE  ACTION 

$1.5  M 

$2.5  M 

LCC  AND  PROGRAM 
MANAGEMENT 

$15  M  AWARD  FEE  BASED  ON 
QUALITATIVE  EVALUATIONS  AT 

8 MO  INTERVALS  THROUGH  1980 

OPT*  *721  1  I 
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Reliability  incentives  totaling  $12  million  can  be  earned  at  I  200  flight  hours  and  at  the  completion  of  the  50-flight  &  demonstration 
Maintainability  incentives,  also  totaling  $12  million,  can  be  earned  during  the  first  9000  High!  hours.  A  potential  of  $15  million  m  incen¬ 
tives  can  also  be  earned  by  exceptional  performance  in  LCV  and  program  milestone  management.  These  awards  are  based,  at  six-month 
intervals,  on  qualitative  evaluations  of  the  contractor's  performance  in  such  areas  as 

L('(’  Management 

•  I  ('(’  reduction  achieved  during  FS1) 

•  Effective  application  of  trade-offs 

•  Achievement  of  R.  M.  and  production  costs  to  minimize  IC  C 

•  Control  of  subcontractor’s  LCC 

•  Effectiveness  in  resolving  L(’(  problems 

•  Evaluation  of  high  LCC  contributors 

•  Acceptability  of  logistic  support  analysis  program 

•  Optimization  of  personnel  requirements 

Program  Milestone  Management 

•  Accomplishment  of  critical  milestones 

•  Achievement  ot  DTC  goals 

•  Schedule,  labor,  and  material  variance 

•  Plans  for  achieving  system  performance  requirements 

•  Substantiation  of  accomplishments  at  design  reviews 

•  Management  responsiveness  in  evaluating  problem  areas 

•  Satisfaction  of  management  reporting  requirements 

•  1  flee  live  ness  of  interlace  management 

Hu*  I  S  Navy  advises  the  contractor  of  the  weighting  of  these  qualitative  factors  m  advance  of  each  six-month  evaluation  period,  as 
well  as  specific  criteria  to  be  evaluated  in  each  area.  A  mid-term  evaluation  and  final  evaluation  are  provided  to  the  contractor  for  each  six- 
month  period. 

Since  the  Hornet's  reliability  will  be  largely  determined  by  the  performance  of  its  subsystems,  it  was  decided  also  to  provide  incentives 
lor  maior  subcontractors  and  equipment  suppliers.  A  total  of  SI  7  million  is  available  to  those  subcontractors.  Prior  to  the  accumulation  of 
1200  tliglit  hours,  most  award  payments  will  be  based  upon  qualitative  factors.  .ieh  as  ICC  management.  Beyond  I  200  flight  hours,  most 
incentive  payments  will  he  based  on  quantitative  values  of  demonstrated  [Land  kf.  Some  subcontractors  also  have  part  of  their  incentives 
based  on  laboratory  demonstrations  of  their  equipment 

Implementing  LCC  Management 

Mv  MR  recognized  the  C  S.  Navy’s  "New  look"  requirement  to  significantly  reduce  the  Hornet’s  LCC  as  extremely  ambitious  fhese 
requirements  necessitated  many  changes  from  "business  as  usual"  m  both  the  Navy  and  contractor  organizations.  Major  changes  included 
contractual  DTC  and  LCC  requirements  and  incentives.  R  and  M  guarantees  t  instead  of  goals),  and  tracking  of  l  ( V  changes  resulting  from 
trade  study  decisions  or  program  ground-rule  changes.  Some  highlight'  of  this  "New  look"  in  l.CC  management  are  presented  in  fable  2. 

TABLE  2.  NEW  LOOK  IN  LCC  MANAGEMENT 

•  LCC  REQUIREMENTS  ARE  CONTRACTUAL  INTEGRALLY  TIED 
TO  DTC  AND  ILS  REQUIREMENTS 

•  FIRM  DTC  UNIT  PRODUCTION  COST  OBJECTIVE  WITH  INCENTIVES 

•  INCENTIVES  PROVIDED  FOR  LCC  MANAGEMENT  AND  CONTROL 

•  FIRM  RELIABILITY  AND  MAINTAINABILITY  GUARANTEES  WITH 
INCENTIVES 

•  ICC  BASELINE  ESTABLISHED  EARLY  AND  CONTINUOUSLY 
TRACKED 

•  LCC  SCENARIO  AND  GROUND  RULES  DEFINED  BY  THE  NAVY 

•  LCC  ESTIMATING  TAILORED  TO  DESIGN  DETAIL 

UP0J  0146  U 

Ml  AIR’s  Lev  management  decision  in  response  to  the  U  S.  Navy's  "New  Look"  was  to  make  Hornet  program  subsystem  managers  re 
sponsible  lor  the  kev  I  I  I  parameters,  unit  production  cost,  reliability,  and  maintainability.  Subsystem  managers  m  Ml  AlK’s  engineering 
organization  arc  assigned  responsibility  for  all  design  requirements  in  their  work  breakdown  structure  (WHS)  area  of  authority  .  as  shown 
m  figure  4  fins  responsibility  has  always  encompassed  performance,  weight  and  development  cost  for  the  Hornet  program,  production 
cost  ami  R  and  M  Were  added  as  requirements  to  be  controlled  mst  like  weight  and  perlonnatue 

Allocations  ot  the  I  A- IK  requ’rements  in  these  areas  were  made  at  the  subsystem  level  m  order  to  provide  delegation  ot  tevumsihihly 
Status  ot  these  parameters  is  periodically  updated  add  reviewed  S\  management,  with  corrective  actum  proposed  lot  subsystems  which 
significantly  exceed  then  allocations 

1  mphasis  in  the  remainder  ot  the  paper  is  placed  on  management  techniques  tor  reducing  the  operating  and  supporting  HKVS)  costs  ,q 
the  Hornet  program  I  hi  key  accomplishment  o|  this  program  objective  is  improved  Rand  V]  m  the  I  A  I  K  design  MC  AIK  and  tin  I  S 
Navy  have  aggressively  pursued  these  R  and  M  improvements  in  the  management,  design  and  test  aieas  ot  the  Horn.  I  program 

Reliability  and  Maintainability  t»«arantocs 

Ihe  Hornet  prime  contract  incorporates  reliability  and  maintainability  guarantees  tor  key  parameters,  all  ot  which  will  be  demonstuted 
by  the  prime  c  oiitrac  tor  In  this  program.  R  and  y  are  design  requirements,  noi  iiist  goals  whu  h  in  prior  programs  weren't  usually  achieved 

Principal  reliability  guaiantees  are  summarized  in  I  able  *  I  fuse  are  not  all  ot  the  guarantees,  but  they  illiisiute  th.it  weapon  s\st.  in  level 
parameters  are  guaranteed  along  with  subsystems  such  as  the  radar  and  avionics  suite  Most  <>t  the  weapon  sv  stem  level  guarantees  ,if.  d.  in 
onstraled  at  approximately  I  . 'oO  hours  and  or  2MI0  hoiiis  into  the  Might  test  program  In  addition,  a  M)  Might  program  is  dedn  aled  to 
demonstrating  reliability  m  a  simulated  operational  environment 
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MIS 

SUBSYSTEM 

SUBSYSTEM 

MANAGER 

UNIT  PRODUCTION 
COST 

RELIABILITY 

WEIGHT 

1000 

1100 

1110 

.01 

02 

.03 

04 

.05 

.06 

1120 

1 1 30 

1140 

1150 

1160 

1170 

1110 

1190 

1205 

1300 

1310 

1320 

1  01 
1330 

1340 

t  01 

1350 

1360 

1370 

1400 

AIR  VEHICLE 

AIRFRAME 

BASIC  STRUCTURE 

FORWARD  FUSELAGE 

CENTER  FUSELAGE 

AFT  FUSELAGE 

WING 

EMPENNAGE 

LANDING  GEAR 

SEC0N0ARV  POWER 

HYDRAULIC 

FLIGHT  CONTROL 

ELECTRICAL 

cNVIRONMENTAL  CONTROL 

CREW  STATION 

FUEL  SYSTEM 

AIRFRAME  INTEGRATION 

ENGINE  INTEGRATION 

AVIONICS 

COMMUNICATION  AND  IDENTIFICATION 
NAVIGATION  AND  FLIGHT  AI0S 
INERTIAL  NAVIGATION  SYSTEM 

FLIGHT  CONTROL  SYSTEM 

AIRBORNE  WEAPONS  CONTROL 

RAOAR 

CONTROL  AND  DISPLAY 

ELECTRONIC  WARFARE 

MISSION  COMPUTER 
ARMAMENT/WEAPONS  DELIVERY 

A 

5 
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FIGURE  4.  SUBSYSTEM  MANAGERS  ARE  RESPONSIBLE  f 

FOR  KEY  LCC  PARAMETERS 


TABLE  3.  HORNET  RELIABILITY  GUARANTEES 


GUARANTEE 

DEMONST  RAVED 

AIR  VEHICLE  MFHBF 

3.7  HR 

50  CONSECUTIVE 

2  HR  FLIGHTS 

MISSION  RELIABILITY 

EQUIPMENT  MFHBF 

7  MISSION  FAILURES 

33  EQUIPMENT 
FAILURES 

RADAR  MTBF 

1st  PRODUCTION  UNIT 

50th  PRODUCTION  UNIT 
125th  PRODUCTION  UNIT 

60  HR 

80  HR 

100  HR 

MIL  STD  781 

TEST 

AVIONICS  MTBF 

30  HR 

1  YEAR  AFTER  FSE 

OF/*  04 II  7 


Key  maintainability  parameters  are  also  guaranteed  on  the  Hornet.  Principal  parameters  are  summarized  in  Table  4;  again  this  is  not  the 
complete  list  of  M  guarantees.  The  aircraft-level  guarantees  will  be  demonstrated  at  fleet  supportability  evaluation  ( FS1  >  after  approxi¬ 
mately  25,000  flight  hours  have  been  accumulated.  This  demonstration  will  occur  in  a  U.S.  Navy  environment  with  Navy  maintenance 
men.  The  equipment  replacement  time  and  fault  isolate  time  demonstrations  will  occur  as  part  of  the  maintenance  engineering  inspection 
(MEI).  Operational  Readiness  will  also  be  demonstrated  during  the  FSI*  flight  program  on  fleet  aircraft. 


TABLE  4.  HORNET  MAINTAINABILITY  GUARANTEES 


GUARANTEE 

DEMONSTRATED 

DIRECT  MMH/FH 

11 

FSE 

MEAN  TIME  TO  REPAIR 

1  78  HR 

FSE 

TURNAROUND  TIME 

15  MIN 

FSE 

MEAN  TIME  BETWEEN 
MAINTENANCE 

0.49  HR 

FSE 

FAULT  ISOLATE  TIME 

1.76  HR 

MEI 

ENGINE  REPLACEMENT 

21  MIN 

MEI 

RADAR  REPLACEMENT 

20  MIN 

MEI 

OPERATIONAL  READINESS 

86% 

FSE 

OPOIOIM  1 
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These  £  and  U  guarantees  have  been  taken  very  seriously  by  the  prime  contractor  and  major  subcontractors.  Top-level  numbers  have 
been  allocated  to  subsystems  and  major  equipment  items.  All  subcontracts  contain  R  and  M  guarantees  based  on  reasonable  allocations  of 
the  prime  contract  guarantees.  Also,  major  subcontracts  contain  specific  R  and  M  demonstration  programs. 

Designing  for  Improved  R  and  5j 

The  key  to  lower  LCC  and  improved  availability  of  the  Hornet  is  the  "New  Look”  emphasis  on  “Big  R."  and  “Easy  M  ”  The  Hornet  is 
designed  to  capitalize  on  the  state-of-the-art  in  design  technology  in  these  areas.  Only  the  highlights  of  these  design  features  can  be  present¬ 
ed  in  this  paper.  However,  both  the  U.S.  Navy  and  MCA1R  understand  that  the  most  effective  tool  for  lowering  LCC  is  improving  the  fund¬ 
amental  reliability  and  maintainability  of  the  Hornet  design. 

The  Hornet  is  expected  to  achieve  a  reliability  in  the  fleet  about  three  times  better  than  the  currently  operational  F-4J  and  A-7E,  as 
shown  in  Figure  5.  The  Hornet  fleet  performance  expectation  is  based  on  a  requirement  to  demonstrate  a  guaranteed  MFHBF  of  3.7  hours 

during  FSD. 


MEAN  FLIGHT  HOURS  BETWEEN  FAILURE 

GP03-0146  4 

FIGURE  5.  F  18  EXPECTED  RELIABILITY  IS  3  TIMES 
BETTER  THAN  FLEET  AVERAGE 

Some  of  the  Hornet  design  features  to  enhance  reliability  are  summarized  in  Figure  6.  Much  of  the  Hornet  avionics  is  solid-state,  thus 
providing  low  heat  generation.  Nevertheless,  heat  is  one  of  the  primary  contributors  to  avionics  failures  and  we  have  emphasized  better 
cooling  in  the  design.  The  APG-65  radar  has  been  significantly  simplified  from  the  F-4}  radar  through  digital  processing  and  extensive  use 
of  solid-state  circuits.  Also,  an  electric  antenna  drive  is  used  in  the  APG-65  instead  of  a  hydraulic  drive.  It  has  8000  fewer  parts  than  the 
F-4J  radar,  all  of  them  expected  to  be  more  reliable.  Although  in  the  same  general  thrust  class,  the  F404  engine  has  fewer  compressor 
and  turbine  stages  than  the  J79  engine  in  the  F-4.  A  major  improvement  has  been  transfer  of  the  engine  accessories  to  an  airframe  mount¬ 
ed  accessory  drive  (AMAD).  Also,  the  F404  fuel  controls  are  much  simpler  than  those  of  the  J79.  Most  of  the  pilot’s  flight  and  weapon 
system  information  is  displayed  on  versatile  CRT  displays  instead  of  individual  electro-mechanical  instruments. 


SOLID  STATE 
AVIONICS 

•  LOW  HEAT 
GENERATION 

•  CRT  DISPLAYS 
vs  MECHANICAL 

•  DERATED 
EQUIPMENT 


SIMPLER  ENGINE 

•  7700  FEWER  PARTS 
PER  ENGINE 


GROUND  POWER 
SWITCHING 


SIMPLER  HYDRAULICS 

•  2  vs  4  PUMPS 

•  PERMASWAGE  FITTINGS 


SIMPLER  RADAR 

•  8000  FEWER  PARTS 


FIGURE  6.  IMPROVED  RELIABILITY  THROUGH  DESIGN 

F-18  Compared  to  F  4J 


The  F40 4  engine,  manufactured  by  General  Electric,  contributes  to  the  Hornet’s  reduced  LCC  through  its  design  simplicity  and  ease  ol 
maintenance.  It  has  twothirds  the  parts  of  the  J79  engine  and  produces  about  the  same  thrust.  Also,  it  is  built  in  modules  for  ease  of 
maintenance  and  can  be  borescoped  without  removal  from  the  aircraft.  The  1  404  features  which  contribute  to  a  predicted  reliability  four 
times  better  than  the  J79  are  summarized  in  Figure  7. 

The  Hornet’s  maintainability  index,  measured  in  maintenance  manhours  per  flight  hour  (MMH/FH).  shows  substantial  reduction  over 
current  operational  aircraft,  as  depicted  in  Figure  8.  A  threshold  of  no  more  than  18  MMH/FH,  as  reported  in  the  Navy’s  3M  reporting 
system,  was  established  as  an  F-18  program  requirement.  In  order  to  ensure  achievement  ol  this  operational  value,  the  prime  contractor 
is  designing  to  a  requirement  of  1 1  MMH/FH  for  ail  direct  and  Support  General  design-related  maintenance  categories  This  requirement 
is  based  on  certain  measurement  criteria  which  will  equate  to  about  1  8  MMH/FH  in  the  3M  system. 
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J79  (PHANTOM)  22.000  PARTS 


SAME  THRUST  CLASS 

8  FEWER  STAGES 

SIMPLE  GEARBOX 

ONE  COMBUSTOR 

PHOVl  f. 

• 

-3  4  THE  LENGTH 

•  7  COMPRESSOR 

•  38  I-  EWER  BEARINGS 

•  L  iN[  R  .  !0  <■  AN*, 

• 

• 

'  1  2  THE  WEIGHT 

•  1  TURBINE 

•  28  FEWER  SHAFTS 

►  • 

• 

7700  FEWER  PARTS 

3  FEWER  VARIABLE 
STATORS 

SIMPLE  FUEL  SYSTEM 
•  29  FEWER  PIPES 

*  < 

F404  (HORNET)  14,300  parts 


AND 

RELIABILITY 
FOUR  TIMES 
HIGHER! 


QPt»  0M<  » 

FIGURE  7.  ENGINE  OESIGN  SIMPLICITY  FOR  HIGH  RELIABILITY 


FIRST  FLIGHT  (.poioiass 


FIGURE  8.  F  18  CONTINUES  THE  TREND  TO  LOWER 
MAINTENANCE  REQUIREMENTS 


A  key  contribution  to  reduced  maintenance  requirements  is  quick  and  easy  access  to  all  equipment  which  requires  other  than  ran*  atten¬ 
tion.  The  Hornet's  access  provisions  are  shown  in  Figure  9.  Hven  engines  can  he  changed  in  2\  minutes  because  of  rapid  access  and  quick 
disconnect  features.  An  auxiliary  power  unit  ( API1)  provides  power  for  quick  systems  checkout  and  self-start,  (iroutul  cooling  tans  also 
reduce  the  need  for  cooling  carts  during  maintenance  and  pre'post  flight  checks  Most  major  equipment  has  built-in  test  (BID  and  fault 
isolate  test  (FIT)  to  greatly  reduce  troubleshooting  time 

Failures  of  most  avionics  equipment  and  many  of  the  hydro-mechanical  subsystems  are  indicated  in  the  cockpit  and  also  displayed  on  a 
digital  display  panel  in  the  nose  wheel  well  The  maintenance  monitor  panel  allows  maintenance  personnel  to  isolate  a  failure  to  a  weapon 
replaceable  assembly.  Also,  consumables  status  of  engine  oil.  AM  A!)  oil.  API  I  oil,  hydraulic  fluid,  radar  liquid  coolant.  I  OX.  and  lire 
extinguisher  is  displayed  on  this  indicator  when  interrogated  by  depressing  a  switch  on  the  panel  A  maintenance  signal  data  recorder  set 
is  also  used  to  help  trouble-shoot  systems,  including  recording  the  outputs  of  the  engine  m- flight  condition  monitor  system  ( I  K  MS  I 
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-  HINGED  RADOME 
RADAR  SLIDES  OUT  ON  TRACKS 


APU  FOR  CHECKOUT 
AND  SELF  START 


ENGINE  CHANGE 
IN  21  MINUTES 


-  AVIONICS  BEHIND  QUICK  ACCESS 
DOORS  AT  CHEST  LEVEL 

-MAINTENANCE  MONITOR  DISFLAV 
»  CONSUMABLES  STATUS 

•  ENGINE  IN-FLIGHT  CONDITION 
MONITOR  SYSTEM 

•  BUILT-IN  TEST  STATUS 


FIGURE  9.  DESIGNED  FOR  EASY  ACCESS 


Other  major  maintenance  features  of  the  Hornet  design  are  summarized  in  Table  5.  Significant  advances  have  been  made  in  the  state-of- 
the-art  in  corrosion  control  on  this  airplane.  Another  major  improvement  in  the  Homet  design  is  in  the  area  of  fasteners.  Not  only  have 
the  numbers  and  types  of  fasteners  been  significantly  reduced  from  the  IM  to  the  F-I8,  but  the  screw  strength  has  more  than  tripled.  This 
strength  increase,  coupled  with  a  better  screw  head  design,  should  drastically  cut  the  incidences  of  screw  shearing  due  to  overtorqueing. 

TABLE  5.  HORNET  MAINTAINABILITY  FEATURES 


•  BUILT  IN  TEST  FOR  MOST  AVIONICS  AND  HYDRO¬ 
MECHANICAL  EQUIPMENT 

•  RAPID  FAULT  ISOLATION 

•  CORROSION  RESISTANT  MATERIALS  COMPOSITES 
AND  7060  ALUMINUM 

•  RAPID  WRA  REPLACEMENT 

•  SCHEDULED  MAINTENANCE  MINIMIZED 

•  NO  TURNAROUND  OR  DAILY  GSE 

OPIMmM 


Reliability  and  maintainability  have  been  considered  in  all  design  decisions.  Achieving  JR  and  M  guarantees  requires  attention  to  detail. 
Only  the  highlights  of  these  Homet  design  details  have  been  presented  here.  Later  in  this  paper,  Homet  program  management  features  de¬ 
signed  to  ensure  improved  R  and  M  will  be  described.  However,  we  are  constantly  aware  that  any  ft  and  M  potential  benefits  must  be 
reflected  in  the  F-18  design  in  order  to  be  effective. 

Operational  Mission  Environment 

A  major  factor  in  reducing  Homet  O&S  costs  is  the  expected  improved  reliability  of  F-18  equipment.  A  key  program  initiative  which 
promises  to  contribute  significantly  to  achieving  these  equipment  reliability  improvements  is  implementation  of  a  realistic  operational 
mission  environment  (OME)  as  design  and  test  requirements.  Traditional  design  and  test  requirements  often  have  been  found  to  be  made 
quate  in  representing  fleet  operating  stresses.  As  a  result,  the  real-world  operating  environment  contributes  to  failure  modes  that  were  not 
considered  during  design,  nor  discovered  and  corrected  during  demonstration  tests.  To  solve  this  problem,  the  U.S.  Navy  and  MC'AIR  de¬ 
fined  realistic  training  and  combat  mission  profiles  as  the  basis  for  a  detailed  expected  operating  environment  of  the  airplane.  A  compre¬ 
hensive  analysis  of  the  Homet  flight,  ground  operating,  storage,  and  maintenance  handling  environment  was  then  used  to  tailor  procure¬ 
ment  specifications  for  design  and  test  requirements  of  major  systems. 

As  the  first  step  in  the  OME  process,  outlined  in  Figure  10,  twelve  training  missions  were  defined  based  on  training  syllabus  requirements, 
squadron  surveys,  and  pilot  experience.  Six  critical  combat  missions  were  based  on  the  Hornet’s  Operational  Requirement  A  frequency  of 
occurrence  for  each  mission  was  established  for  Navy  Fighter.  Navy  Light  Attack,  and  Marine  Fighter/Attack  squadrons,  as  well  as  ship 
shore  and  combat/training  sortie  ratios.  The  Homet  OME  builds  on  the  foundation  of  the  mission  environments,  based  on  mission  profiles, 
but  also  includes  combat  maneuvers,  occasional  transient  excursions  beyond  the  design  flight  envelope,  ground  operation,  and  handling 
and  storage  conditions.  This  comprehensive  OME  definition  forms  the  basis  for  establishing  expected  flight  loads,  vibration,  temperature, 
altitude,  humidity,  acoustics,  salt,  and  dust  dcsign-to  requirements.  Critical  design  points  from  the  OME  become  design-to  requirements 
for  all  Hornet  equipment.  Thus,  design  and  test  conditions  tailored  to  the  expected  environment  of  this  equipment  were  derived  and  were 
imposed  in  the  procurement  specifications,  replacing  testing  to  less  severe  conditions  of  classical  military  specifications. 

Accelerated  testing  approaches  were  developed  to  time-coin  press  the  design  life  testing  for  test  span  reductions  and  cost  economies 
Addition  of  temperature  cycling,  random  and  sinusoidal  vibration,  and  humidity  are  the  major  changes  from  the  Mil  -STD-781  B  test 
specifications  for  most  equipment.  For  certain  critical  mission  equipment,  such  as  the  APfi-65  radar,  temperature,  humidity,  and  vibra¬ 
tion  cycling  are  combined.  A  comparison  of  OME  and  MIL- STD-78 1  B  testing  requirements  for  avionics  equipment  is  presented  in  fable  <y 

A  key  part  of  the  l-18's  “New  Look”  approach  to  designing  to  reduced  life  cycle  cost  is  an  integrated  test  program.  Tins  test  program 
emphasizes  two  separate  phases,  development  and  demonstration  tests.  Hie  expected  improvement  in  equipment  reliability  during  these 
test  phases  is  illustrated  in  Figure  1 1 


■i 
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FIGURE  10.  OPERATIONAL  MISSION  ENVIRONMENT  DEVELOPMENT 


TABLE  6.  MAJOR  AVIONICS  TESTING  CHANGES  WITH  OME 


PARAMETER 

BASELINE 
MIL  STD  781B 

OME 

-  TEMP  EXTREMES 

CHAMBER 

COOLING  AIR 

54°  TO  «71°C 
54°  TO  *49°C 

54“  TO  *85°C 

54°  TO  •  63°C 

TEMP  SHOCK 

COOLING  AIR 

S°C  MINUTE 

33°C  MINUTE 

-  VIBRATION 

TYPE 

INTENSITY 

FIXED  SINE 

'22g 

RANDOM  i  FIXED  SINE 

MAX  PERFORMANCE 

-  HUMIDITY 

NONE 

TYPICAL  MISSION 

-  ALTITUDE 

SEA  LEVEL 

SEA  LEVEL  TO  15.?50m 

FIGURE  11.  RELIABILITY  IMPROVEMENT  WITH  THE  “NEW  LOOK” 


the  primary  objective  ol  the  development  phase  is  early  design  assessment  ol  mission -critical  environments.  It  emphasizes  test,  analyze, 
anil  fix  <  PA  AH  with  closed  loop  failure  reporting.  An  improvement  in  initial  equipment  r  liability  (at  the  start  ol  development  testing)  is 
expected  due  to  the  more  realistic  OMI  design  conditions.  A  further  improvement  in  the  reliability  growth  curve  slope  is  predicted  be¬ 
cause  ot  the  improved  realism  ol  the  OMI  test  environment  and  the  I  AAI  approach. 

Hie  objective  ot  the  demonstration  phase  is  the  traditional  verification  ol  design  requirements  m  Lihoratoic  and  flight  tests  A  new  re¬ 
quirement  m  the  Hornet  program  is  a  MMlight  dedicated  reliability  demonstration  This  test  program  will  simulate  the  spectrum  ot 
operational  mission  conditions,  including  realistic  qmpmen;  operations  More  than  7  mission  failures  or  equipment  failures  constitutes 
failure  to  pass  the  demonstration. 
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Trade  Studies 

Trade  studies  have  traditionally  been  the  key  tool  in  the  evolution  of  a  weapon  system  design.  With  the  increasing  emphasis  on  reducing 
life  cycle  cos',  a  new  dimension  is  added  to  the  designer’s  classical  performance  versus  weight  trade-olf  process.  Most  trade  studies  have 
usually  been  the  private  domain  of  those  engineers  intimately  involved  in  the  design  process.  In  the  Hornet  program,  added  emphasis  and 
visibility  was  placed  on  this  trade-off  process  in  the  following  ways: 

•  Trade  studies  were  conducted  in  more  depth,  particularly  with  respect  to  reliability,  maintainability,  and  logistics  alternatives 

•  A  comprehensive  planned  operational  scenario  was  established  by  the  U.S.  Navy  covering  such  elements  as  flying  hour  program,  ex¬ 
pected  operational  inventory,  site  activation  schedule,  land-based /carrier-based  mix,  and  such  cost  factors  as  personnel  pay  and  fuel 
cost 

•  Trade  studies  were  documented  in  greater  detail  to  ensure  adequate  consideration  of  inter-disciplinary  effects  and  to  facilitate  design- 
to-cost  and  life  cycle  cost  reporting 

•  Configuration  management  was  tied  to  the  trade  study  process  since  Design  Decision  Memo’s  were  used  to  summarize  trade  study 
results  as  well  as  to  document  changes  to  the  configuration  baseline 

Formal  trade  studies  were  started  much  earlier  in  the  Homet  program  than  on  previous  programs,  being  triggered  by  both  l  .S.  Navy 
and  contractor-suggested  alternatives  to  the  design  baseline.  More  than  IU0  formal  trade  studies  had  been  started  at  FSD  contract  go-ahead 
and  over  700  formal  studies  had  been  completed  by  the  end  of  1978.  Life  cycle  cost  avoidance  documented  by  these  trade  studies  is 
quantified  in  Table  7.  These  cost  “savings”  are  labeled  avoidances  because  the  final  design  had  not  been  established  so.  technically,  these 
cannot  be  counted  as  savings.  In  other  words,  if  these  trade  study  decisions  had  not  been  implemented,  the  Hornet  program  LCC  would 
have  been  260  million  dollars  higher  than  it  is  today. 

TABLE  7.  LIFE  CYCLE  COST  AVOIDANCE 


NO.  OF  FORMAL  TRADE  STUDIES  =  400+ 

LCC 

AVOIDANCE 

DEVELOPMENT  =  $  12  M 

PRODUCTION  =  $145  M 

OPERATING  =  $103  M 

LCC  =  $260  M 

QPOIOIMI 


Some  examples  of  trade  studies  which  emphasized  LCC  considerations  are  listed  in  Table  8.  The  common  wheel  and  tire  trade-off  is  dis¬ 
cussed  later  in  this  paper.  The  wing  pylon  jettison  trade-off  was  basically  whether  to  jettison  the  pylon  with  the  tanks  and  armament 
racks  or  retain  it  with  the  airplane  if  it  became  necessary  to  jettison  external  stores.  The  decision  was  to  retain  the  pylons  due  to  the  cost 
and  weight  avoidance.  Cost  and  weight  can  be  avoided  because  of  a  simpler  pylon  design  and  less  complex  pylon  mounting  attachments  in 
the  wing.  Performance  is  degraded  slightly,  of  course,  in  combat  or  emergency  situations  because  of  the  additional  pylon  weight  and  drag. 
The  flight  control  system  (FCS)  simplification  study  resulted  in  significant  cost  and  weight  reductions  by  providing  minimum  essential 
redundancy  through  redesign  of  the  computer  and  some  actuators.  Hughes  Aircraft,  the  AP<>-f>5  radar  supplier,  found  that  it  would  be 
difficult  to  achieve  its  reliability  guarantees  with  a  radar  designed  to  fit  within  the  allocated  space  in  the  Hornet's  nose.  A  trade  study  in¬ 
creasing  this  volume  0.5  ft-*  resulted  in  a  relatively  large  LCC  avoidance,  as  well  as  a  small  weight  savings  The  radar  WRA  support  trade 
study  evaluated  alternatives  of  VAST,  modified  VAST,  and  new-design  test  equipment  to  support  the  radar.  The  selected  new  Radar  Test 
Station  resulted  in  almost  S20  million  of  LCC  avoidance. 

TABLE  8.  EXAMPLE  LIFE  CYCLE  COST  TRADES 


COST  SUMMARY 

ITEM 

A 

FSD 

($  Ml 

6 

UNIT 
PROD 
($  K) 

A 

LIFE 
CYCLE 
(S  M) 

A 

WEIGHT 

LB/(kg) 

PERFORMANCE 

COMMON  F  18/A  18 
WHEEL/TIRE 

-0.8 

♦0.4 

-7.5 

♦89/{  +  40) 

DEGRADED 

WING  PYLON  JETTISON 

-2.1 

-4.0 

-23  8 

-40/1-1 8) 

DEGRADED 

FCS  SIMPLIFICATION 

-0.6 

-33.0 

-33.2 

-60/1-27) 

IMPROVED 

INCREASED  RADAR  VOLUME 

-0.5 

-18.4 

-31.4 

-3(1-1) 

NEGLIGIBLE 

RADAR  WRA  SUPPORT 

-5.2 

N/A 

-19.8 

0 

NO  CHANGE 

NAVAIR  asked  MCAIR,  in  early  1 9  ’6,  to  conduct  a  trade  study  addressing  the  issue  of  whether  both  the  F- 1 8  and  A-l  8  could  utilize 
a  common  wheel  and  tire  (Table  9).  At  that  time,  several  hardware  differences  existed  between  the  F-l  8  and  A- 1 8  including  a  smaller 
wheel  and  tire  on  the  F-l  8.  It  was  known  that  installing  the  larger  tire  on  the  fighter  would  result  in  a  laiger  cross-sectional  area  and  con¬ 
sequent  higher  drag.  Also,  unit  cost  and  weight  of  the  fighter  would  increase  However,  the  fighter's  brake  and  tire  life  would  he  lengthen¬ 
ed  because  of  its  lower  operating  weight  The  trade  study  showed  that  the  Hornet  programs'  l  CC  would  he  reduced  by  selection  of  the 
alternative  approach  and  the  larger  wheel  and  tire  was  selected  for  both  the  F- 1 8  and  A-l  8  designs  The  details  ol  the  O&S  cost  reduction 
are  shown  in  Table  1 0.  The  major  cost  savings  can  be  seen  to  accrue  from  the  elimm.it inn  ol  1570  brake  si  u  k  replacements  throughout 
the  Hornet’s  life  cycle. 
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TABLE  9.  COMMON  F-18/A18  WHEEL/TIRE  STUDY 


ISSUE  SHOULD  FIGHTER  AND  ATTACK  VERSIONS  UTILIZE  COMMON 

WHEELS  AND  TIRES' 


BASELINE 

RESTRAINT 


FIGHTER 

ATTACK 


30  x  9  5  x  14  ST  IRE 
30  x  11  S  x  14  b  TIRE 


j-MIN  REQUIREMENT 


ATTACK  VERSION  MUST  USE  LARGER  TIRE/WHEEL 


CONSIDERATIONS  LARGE  TIRE  ON  FIGHTER 

-  DEGRADES  PERFORMANCE 

-  INCREASES  UNIT  COST  S400 

-  ADDS  WEIGHT  ■  89  LB/(40  kg) 

-  IMPROVES  BRAKE  LIFE 

-  DECREASES  LIFE  CYCLE  COST 


COMMON  TIRE  SELECTED 
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TABLE  10.  COMMON  WHEEL/TIRE  ICC  ANALYSIS 

COST  CHANGE  FOR 
COMMON  WHEEL/TIRE 


_ _ SM 

FSD .  -0.788 

PRODUCT/ON  ♦0.319 


O&S 

REPLACEMENT  TIRES 

FIGHTER  . 

ATTACK . 

REPLACEMENT  8RAKES 

FIGHTER  . 

ATTACK . . 

OTHER  O&S 


LABOR  POL,  ETC. .  . (-1,541) 

TOTAL  O&S  .  6  986 

TOTAL  LCC  SAVINGS  .  $7  455M 


LCC  in  Supplier  Selection 

Lite  C  ycle  C  ost  evaluations  were  made  of  all  bidder's  proposals  in  the  source  selection  of  major  11  s  equipment  I  he  imp.Kt  < > t  the 
“New  Look”  on  the  equipment  procurement  process  is  illustrated  in  f  igure  12.  ICC'  savings  are  shown  relative  to  supplier  selection  based 
on  only  performance  and  weight,  the  traditional  selection  basis.  A  small  savings  would  accrue  if  the  supplier  selection  would  have  been 
based  strictly  on  a  I )  1 C '  bias  to  the  lowest  unit  production  cost.  Largci  savings  result  if  the  suppliers  would  have  been  selected  on  the 
basis  of  best  [£  and  besi  M  The  largest  savings  occur  if  the  supplier  expected  to  provide  the  lowest  life  cycle  cost  was  selo.  ted 

Hie  actual  supplier  selected,  lor  those  major  equipments  considered  in  this  evaluation,  was  nidged  to  provide  the  lowest  let  m  all 
cases  but  one.  and  in  this  case  the  supplier  was  rated  second  in  LCC.  for  these  major  equipment  items.  I  ('(  savings  ot  about  S'h)  million 
were  realized  by  conscientiously  considering  all  ot  the  elements  of  the  “New  Look’*  in  I  C'C”  control  m  the  procurement  process 

Operating  and  Support  Costs  Comparisons 

I  he  Hornet  is  designed  to  replace  the  1-4  and  A-7  in  the  fleet,  so  it  is  appropriate  to  compare  these  systems  in  an  O&S  cost  sc  enario  to 
demonstrate  that  this  new  system  will  not  cost  more  to  operate  than  the  airplanes  it  replaces.  T  he  data  presented  in  this  comparison  arc 
taken  from  the  ll)7(l  Nav\  resouices  model  (NARM).  It  is  the  ll.S.  Navy's  best  estimate  of  the  cost  to  operate  and  support  operational 
systems  or  projected  new  systems,  such  as  the  Hornet. 

A  key  input  to  any  O&S  cost  comparison  i>  the  number  of  maintenance  j  cople  required  in  a  twelve-plane  squadron.  A  comparison  of 
this  factor  in  f  igure  13  shows  that  a  Hornet  squadron  is  projected  to  require  between  24  and  34  fewer  enlisted  people  than  an  1-41  or 
A-7L  squadron,  primarily  due  to  its  greatly  improved  reliability  and  maintainability.  The  reduced  officer  requirements  ot  the  Hornet  and 
A-7L,  from  the  b*4J ,  reflects  the  one-place  designs. 

Projected  O&S  cost  savings  from  introduction  of  the  Hornet  are  depicted  in  f  igure  14  1  or  this  comparison.  I— 4 J  and  A  71  operating 
costs  from  the  1979  NARM  are  used  to  construct  a  fictional  flying  hour  program  ( 2. <>2  M  flight  hours)  equal  to  the  Hornet  20-u\ir  pioeram 

As  compared  to  a  force  of  I  -4J  aircraft,  the  contributions  of  squadron  manning  and  fuel  to  O&S  cost  reductions  aic  seen  to  be  about 
equal.  The  depot  rework,  repair  material,  and  replenishment  spares  contribute  a  somewhat  lesser  amount  the  much  lower  frequency  of 
material  replacement  is  somewhat  counter-balanced  by  the  higher  costs  of  1-1K  material  and  spares 
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The  O&S  cost  savings  from  A-7T  replacement  by  the  Hornet  are  less  dramatic,  although  still  significant  The  leading  contributor  to 
these  savings  is  again  maintenance  personnel  The  A-7I-  consumes  slightly  less  fuel  than  the  Hornet.  Depot  rework  and  the  material  cate¬ 
gories  contribute  the  remainder  of  the  O&S  cost  savings. 

These  O&S  cost  comparisons  illustrate  that  introduction  of  the  Hornet  will  reduce  the  Navy's  operating  cost  budget,  when  1-4 Js  and 
A-7Lsare  replaced.  It  should  be  noted  that  the  NARM  report  uses  Hornet  inputs  that  are  somewhat  more  conservative  than  the  require¬ 
ments  imposed  on  the  contractor. 

Lessons  Learned 

The  purpose  of  the  Hornet  design  to  life  cycle  cost  emphasis  is  not  to  accurately  predict  the  1-18’s  actual  I  (  V  many  years  in  the 
future.  Rather,  this  emphasis  has  served  to  prioritize  design  and  management  actions  to  ensure  the  lowest  practicable  life  cycle  cost  We 
have  specifically  emphasized  the  elements  of  cost  which  can  be  significantly  reduced  by  design  action  during  I  SI).  Both  the  U  S.  Navy 
and  contractors  involved  in  the  Hornet  program  have  learned  much  about  the  challenges  of  designing  to  life  c>cle  cost  Some  ol  our 
“L  essons  Learned"  are  summarized  in  Table  1 1. 


TABLE  11.  LCC  LESSONS  LEARNED 

•  ESTABLISH  REALISTIC  DESIGN  TO  REQUIREMENTS 

GUARANTEE  AND  DEMONSTRATE  WHERE  POSSIBLE 

•  USE  INCENTIVES  WISELY 

PASS  DOWN  TO  EQUIPMENT  SUPPLIERS 

•  USE  OME  TO  DESIGN  AND  TEST  EQUIPMENT 

•  ESTABLISH  DESIGN  CENTERED.  MULTIDISCIPLINED 
COST  ANALYSIS  TEAM 

•  TAKE  TRADE  STUDIES  SERIOUSLY 

•  CONSIDER  LCC  IN  MAJOR  PROCUREMENT  DECISIONS 

•  CONDUCT  RIGOROUS  MULTIDISCIPLINED  DESIGN  REVIEWS 


We  have  learned  that  designing  to  life  cycle  cost  is  not  greatly  different  from  designing  to  any  other  technical  parameter.  It  is  essential 
that  the  designer  have  a  “design-lo”  allocation  presented  in  an  understandable  form;  in  terms  of  unit  production  cost  and  key  design- 
sensitive  Rand  M  parameters.  Allocations  should  be  challenging,  but  not  unreasonable.  Whenever  possible,  these  requirements  should  be 
stated  as  guarantees  with  specific  demonstrations  of  the  guaranteed  values  specified  in  the  contract. 

Prime  contracts,  as  well  as  major  subcontracts,  should  contain  monetary  incentives  based  on  the  contractor’s  control  of  the  1  (X 
drivers  Where  possible,  these  incentives  should  be  based  on  specific  achievements  and  demonstration  of  guarantees. 

Designing  and  testing  to  an  operational  mission  environment  is  one  of  the  key  technical  innovations  of  the  1-18  program  The  OMI 
emphasis,  tied  to  a  test,  analyze  and  fix  philosophy,  will  undoubtedly  do  more  to  improve  the  basic  equipment  reliability  and  reduce 
Hornet  O&S  costs  than  any  other  action  taken  in  the  program. 

It  is  impossible  for  a  “cultist"  group  of  analysts  to  set  up  shop  remote  from  the  design  action  and  have  any  meaningful  impact  on  the 
evolving  design.  An  effective,  multidisciplined  l.<  (analysis  team,  consisting  of  specialists  in  cost  analysis,  reliability,  maintainability,  ami 
II  S  must  work  hand-in-hand  with  the  project  design  team.  It  is  especially  important  that  high-confidence  methods  of  prediction  for  all 
1  ( C  elements  be  utilized,  giving  everyone  confidence  that  cost  analysis  answers  truly  represent  the  impact  of  design  changes 

Trade  studies  have  traditionally  been  the  heart  of  the  iterative  design  optimization  process.  In  the  Hornet  program,  the  trade  studs 
process  has  been  expanded  to  encompass  all  elements  of  l  (X‘  and  ensure  that  all  specialists  arc  heard  before  a  design  decision  is  made.  In 
addition,  documentation  has  been  strengthened  to  provide  tneeability  and  auditing  of  the  design  process. 

A  cost  effective  procurement  process  is  essential  to  the  success  of  a  design-to-1  (  C  program.  More  than  50' 7  ot  the  Hornet’s  cost  (and 
also  its  reliability  and  maintainability)  is  contributed  by  subcontractor’s  hardware,  llierefore.  procurement  policy  must  put  teeth  into 
source  selection  by  emphasizing  these  1  (’(’  elements  in  the  source  selection  process,  fquipment  suppliers  must  be  convinced  that  the 
customer,  both  the  prime  contractor  and  the  using  service,  place  highest  priorities  on  R.  and  ICC 

finally,  thorough  design  reviews  must  be  conducted  by  qualified  program  management  teams  to  ensure  that  all  elements  ot  I  (  (’  are 
being  balanced  in  the  evolving  design. 

Designing  to  III c  cycle  cost  is  a  way  ol  life  in  today’s  budget -limited  weapon  system  procurement  environment  I  lus  design  philosophy 
requires  some  changes  in  the  historic  design  process,  industry  definitely  cannot  continue  “busincss-as-usual."  However,  the  technology 
and  management  disciplines  to  el  fee  lively  accomplish  the  new  PTC  objectives  are  in  hand.  The  Hornet  program  is  demonstrating  that 
designing  to  life  cycle  cost  van  be  ellectively  accomplished 
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SUMMARY 

The  low  cost  of  the  F-16  Fighter  Aircraft  is  the  result  of  a  selected  balance  of 
innovative  new  technologies,  available  low  cost  material  and  equipment,  and  cost  reducing 
configuration  options.  This  has  been  implemented  through  the  application  of  design  to 
cost  concepts  from  the  beginning  of  the  program. 

The  F-16  Full  Scale  Development  contract  contained  several  clauses  which  provided 
downstream  cost  control  including  control  of  both  acquisition  and  operations.  Response 
to  these  contract  requirements  resulted  in  an  acquisition  cost  control  plan  which  was 
based  on  the  allocation  of  target  costs  to  fourth  and  fifth  level  WBS  elements,  periodic 
production  cost  estimates,  feedback  to  WBS  Element  Managers,  immediate  corrective  action 
as  required,  and  monthly  and  quarterly  status  reports.  A  key  part  of  this  plan  was  the 
identification  and  close  tracking  of  a  few  cost  drivers  which  comprise  over  50  percent 
of  the  air  vehicle  cost. 

A  number  of  specific  contract  provisions,  as  noted  above,  are  aimed  at  control  of 
operating  and  support  costs.  These  provisions  provide  financial  incentives  and  penalties 
for  consideration  of  reliability  and  other  logistic  support  parameters.  Other  control 
provisions  require  cost  considerations  in  trade  studies,  engineering  change  proposals 
and  in  vendor  selections. 

In  summary,  the  F-16  program  includes  a  wide  variety  of  live  cycle  cost  control 
measures  concentrating  on  principal  cost  drivers. 


PREFACE 

Low  cost  has  been  a  criterion  of  the  F-16  program  from  the  beginning.  As  early  as 
1968,  the  idea  of  a  small,  lightweight  fighter  emerged  from  discussions  of  studies  by  the 
United  States  Air  Force  and  General  Dynamics  Corporation.  The  principal  issue  of  that 
situation  is  illustrated  by  the  following  questions  which  were  being  asked  at  that  time 

"Can  a  lightweight  fighter  have  superior  maneuvering  performance  and  still  have 
adequate  range  and  combat  fuel  allowance?" 

"If  it  can,  at  approximately  one-half  the  weight  (of  then  current  fighter  trends), 
can  it  indeed  be  built  for  one-half  the  cost  or  less?" 

Subsequent  studies  by  both  the  USAF  and  General  Dynamics  indicated  that  the  answer  to 
both  questions  was  yes.  These  studies  resulted  in  the  definition  of  a  viable  lightweight 
fighter  in  the  30,000  to  35,000  pound  takeoff  gross  weight  class.  Concurrent  cost  esti¬ 
mates  indicated  that  this  fighter  could  be  produced  for  a  unit  average  flvawav  cost  of 
approximately  $3  million. 

In  1971,  the  USAF  issued  a  request  for  proposal  for  a  lightweight  fighter  aircraft. 
The  contract  required  the  design,  development  anil  fabrication  of  two  prototype  aircraft 
Other  requirements  of  the  contract  were 

o  Assess  and  certify  aircraft  safety-of-f light . 

o  Conduct  a  joint  Contractor/Air  Force  flight  test  program 

o  Train  Air  Force  test  pilots. 

Provide  total  contractor  support  during  the  flight  test  program. 


o 


o  Provide  a  data  accession  list. 


o  Prepare  a  final  report. 

Cost  appeared  as  an  important  requirement.  First  the  prototype  development  program  cost 
commitment  by  the  Air  Force  to  General  Dynamics  for  two  prototype  aircraft  including  one 
year  of  flight  test,  could  not  exceed  $37.9  million.  Second,  a  production  cost  goal  was 
specified  as  the  average  unit  flyaway  cost  for  300  aircraft  of  $3  million  in  FY-72  dollars. 

Both  the  Air  Force  and  General  Dynamics  realized  that  "business-as-usual"  would  not 
produce  the  desired  results,  i.e.,  lightweight,  high  performance,  low  cost.  Therefore, 
the  basic  approach  taken  in  establishing  contract  requirements  departed  from  the  custom¬ 
ary.  Notably,  complete  latitude  was  provided  the  contractor  in  making  trades.  It  was 
required  only  that  General  Dynamics  "Design,  develop  and  fabricate  two  prototype  aircraft 
substantially  in  accordance  with  Contractor  Technical  Management  and  Cost  Proposal  l'ZP- 
1401,  dated  18  February  1972".  Furthermore,  there  were  no  contractually  obligated  State¬ 
ments  of  Work  or  detail  specification  requirements;  in  a  competitive  environment  for  both 
performance  and  cost,  design  responsibility  rested  solely  with  the  Contractor. 

General  Dynamics  believes  that  this  far  signted  innovative  approach  by  the  USAF 
provided  the  solid  foundation  on  which  the  F-16  program  was  successfully  built. 

In  1974,  following  the  prototype  program,  the  USAF  issued  a  request  for  proposal  for 
the  Full  Scale  Development  (FSD)  of  an  Air  Combat  Fighter.  The  contract  was  awarded  in 
early  1975.  Numerous  clauses  in  this  contract  continued  or  perhaps  increased  the  emphasis 
on  cost.  Included  now  were  cost  control  measures  related  to  operation  and  support  (O&S) 
of  the  aircraft.  For  the  first  time,  at  least  in  the  F-16  Program,  comprehensive  contract 
clauses  placed  cost  control  requirements  on  all  phases  of  the  life  cycle  of  an  aircraft, 

i.e.,  development,  acquisition  and  operation/support. 

Development  cost  control  was  achieved  simply  by  the  austere  limitation  by  the  govern¬ 
ment  of  the  amount  of  funding  available  and  a  fixed  price  contract  in  which  the  contractor 
was  required  to  share  in  cost  overruns. 

Acquisition  cost  control  was  achieved  contractually  by 

1.  Specifying  a  unit  production  cost  goal. 

2.  Providing  award  fees  for  conducting  cost  reduction  trade  studies. 

3.  Establishing  a  70/30  sharing  of  any  contract  overruns  or  underruns. 

4.  Scheduling  specific  design-to-cost  milestone  events. 

Operation/support  cost  control  contract  clauses  included 

1.  The  control  of  operation  and  support  costs  as  a  management  objective. 

2.  Award  fees  for  conducting  O&S  cost  reduction  trade  studies. 

3.  Award  fees  for  achieving  "Logistic  Support  Cost  Targets". 

4.  Reliability  Improvement  Warranty  guarantees  on  selected  equipments. 

5.  Guarantees  for  Target  Logistic  Support  Costs  for  selected  equipments. 

In  a  Design  to  Cost  Symposium  such  as  this,  these  contract  clauses  devoted  to  cost 
control  deserve  a  more  detailed  examination.  But  first,  let  us  look  at  the  program  phase 
during  which  it  might  be  stated  that  the  "die  was  cast"  with  regard  to  establishing  the 
cost  of  the  F-16  Aircraft.  This  phase  was  the  Prototype  Development  of  the  YF-16. 


1 .  PROTOTYPE  DEVELOPMENT  -  DTC  EMPHASIS 

The  YF-16  Prototype  Development  Program,  in  addition  to  the  objectives  previously 
discussed,  i.e.,  lightweight,  high  performance,  low  cost,  included  the  following  specific 
ma ) or  objectives: 

1.  To  fullv  explore  the  advantages  of  emerging  technologv  ami, 

2.  To  reduce  the  risk  and  uncertainties  of  full-scale  development  and  production. 


These  objectives  present  a  special  challenge  to  the  airplane  designer  in  that  they  appear 
to  represent  a  diversity  of  purpose,  i.e.,  advance  technologies  tend  to  increase  risk  and 
uncertainty.  In  view  of  this,  careful  attention  was  given  to  the  selection  of  new  tech¬ 
nologies.  The  criteria  for  selection  were  established  as  follows: 

1.  Must  contribute  directly  to  the  perfonnance/design  goals. 

2.  Must  be  sufficiently  advanced  to  warrant  prototyping. 

3.  Must  individually  not  be  of  such  high  risk  as  to  jeopardize  the  total  program. 

4.  Must  fall  within  imposed  constraints  of  cost,  complexity,  and  utility. 

To  counterbalance  the  potential  cost  increase  of  the  advanced  technologies,  certain 
principles  were  adopted  to  minimize  costs: 

1.  Emphasize  the  new  and  novel  technology  features  of  the  design  that  are 
significant  in  meeting  performance  goals.  Where  new  technology  is  not 
required,  use  proven  systems  and  components  wherever  possible,  particularly 
where  only  marginal  benefits  will  accrue  by  redesign. 

2.  Establish  specific  cost  goals  and  be  willing  to  compromise  or  trade 
performance  or  operational  capability  to  meet  them. 

3.  Design  for  low  manufacturing  cost  by  making  detail  and  component 
assemblies  simple  to  manufacture,  using  low  cost  materials  and 
processes,  standardizing  hardware  and  designing  for  multiple-use 
parts  and  assemblies. 

The  advanced  technologies  and  design  features  selected  for  the  YF-16  Prototype 
airplane,  illustrated  in  Figure  1,  included: 

o  Variable  camber  wing 

o  Wind-body  blending 

o  Vortex  lift 

o  Relaxed  static  stability /fly-by-wire 
o  Bottom  inlet  location 
o  Composite  materials 
o  "Hi-G"  seat-back  angle 
o  Side-stick  controller 

o  Clear  view-forward  canopy  with  360  degree  vision 
Those  features  which  contributed  significantly  to  cost  reduction  included: 
o  Single  existing  engine 
o  Normal-shock  fixed  inlet 
o  System  simplification 
o  Multiple-part  useage 
o  Standardization 
o  Materials  selection. 

This  very  limited  discussion  of  the  YF-16  Prototype  Program  was  presented  to  illustrate 
the  point  that  cost  had  indeed  achieved  a  status  co-equal  to  that  of  performance  as  a 
design  parameter.  For  those  who  may  wish  to  pursue  deslgn-to-cost  and  the  YF-16  Prototype 
Fighter  in  more  detail,  please  refer  to  item  number  1  In  the  l.ist  of  References.  The 
related  discussions  in  this  paper  have  borrowed  extensively  from  this  source. 

As  noted  previously,  a  production  cost  goal  was  specified  in  conjunction  with  the 
Prototype  Program.  This  goal  was  $3  million,  in  FY-72  dollars,  average  unit  flyaway 
cost  based  on  a  300  airplane  production  program..  Based  on  the  YF-16  design  and  fabricatiei 
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of  two  aircraft,  a  production  cost  assessment  was  made  resulting  in  an  estimated  cost 
well  within  the  goal,  thus  further  substantiating  the  belief  that  a  high  performance, 
lightweight  fighter  could  be  built  for  $3  million. 

2.  FULL  SCALE  DEVELOPMENT  -  DTC/LCC  ASPECTS 

The  YF-16  Prototype  airplane  provided  a  sound  base  from  which  to  move  into  the  full 
scale  development  of  a  production  version.  In  fact,  the  protoiype  design  approach  was 
to  design  initially  an  operational  aircraft  and  then  adapt  it  to  the  constraints  of 
funding  and  program  objectives  of  the  prototype  contract.  In  addition,  the  prototype 
design  philosophy  included  consideration  of  the  potential  for  the  aircraft  to  be  ulti¬ 
mately  put  into  production.  Again  cost  was  a  major  driver  as  illustrated  in  Figure  2 
and  3.  These  design  features  were  integrated  into  the  configurat  i  primarily  to  improve 
manufacturing  efficiency  and  reduce  cost. 

1.  Multiple-Usage  of  Parts  -  many  parts  were  made  interchangeable  left  and  right, 

i.e.,  flaperons,  horizontal  tails,  leading  edge  flap  actuators,  main  landing 
parts . 

2.  Use  of  equipment  components  already  developed. 

3.  Standardized  fasteners,  limited  to  the  number  of  types. 

4.  Limited  material  types  -  primary  material  is  low  cost  aluminum. 

5.  Modular  design  airframe. 

With  a  sound  production  design  well  defined  in  considerable  detail  and  a  production 
unit  cost  estimated  to  be  well  within  the  objective,  the  challenge  then  became  one  of 
controlling  the  costs  during  development  and  manufacture.  Awareness  of  this  resulted  in 
the  USAF  incorporating  into  the  F-16  Full  Scale  Development  contract  a  number  of  clauses 
directed  toward  this  end.  These  clauses  can  be  categorized  into  those  related  to  ac¬ 
quisition  cost  control  and  those  related  to  operation/ support  (0/S)  cost  control.  These 
clauses  are  listed  as  follows: 

Acquisition  Cost  Control 

1.  Specifying  an  average  unit  production  flyaway  cost  goal. 

2.  Award  fees  for  conducting  air  vehicle  trade  studies. 

3.  DTC  schedule  milestones. 

4.  70/30  cost  sharing  of  over  or  under-runs. 

Operation/Support  Cost  Control 

1.  Management  objective  to  control  0/S  costs. 

2.  Award  fees  for  conducting  0/S  cost  reduction  trade  studies. 

3.  Award  fees  for  achieving  Logistic  Support  Cost  Targets. 

4.  Reliability  Improvement  Warranties  (RIW)  on  selected  components. 

5.  Target  Logistic  Support  cost  guarantees  on  selected  components. 

These  contract  requirements  and  General  Dynamics  response  to  them  provided  the  basis  for 
acquisition  and  0/S  cost  control  which  continues  to  be  effective  even  today.  It  would 
seem  worthwhile,  then,  to  examine  these  contract  requirements  in  some  detail. 

3.  ACQUISITION  COST  CONTROL 

One  of  the  effective  cost  controls  as  the  program  moved  into  the  devel opment /produc¬ 
tion  phase  was  establishing  a  unit  cost  limit  on  the  production  vehicle.  In  the  case  of 
the  F-16  this  is  stated  as  a  unit  production  flyaway  cost  goal  of  $3,842,525  dollars. 

The  basis  for  this  is  the  cumulative  average  cost  for  1000  airplanes  at  the  rate  of  15 
per  month  in  FY  1975  dollars. 

This  cost  goal  was  divided  into  two  areas  of  responsibility,  i.e.,  the  United  States 
Government  is  responsible  for  the  Engine,  the  Radar  and  certain  Government  Furnished  Air¬ 
craft  Equipment  items  (GFAE) ;  General  Dynamics  is  responsible  for  the  remainder.  This 
resulted  in  a  General  Dynamics  cost  goal  of  $2,323,074  dollars.  The  contract  further 


required  that  "the  contractor  demonstrate  the  extent  to  which  the  airframe  manufacturers 
portion  of  the  cumulative  average  unit  production  flyaway  production  costs  for  1000  pro¬ 
duction  aircraft  at  a  maximum  rate  of  15  per  month  will  meet  a  goal  of  $2,323,074  dollars 
or  less  expressed  in  FY  75  dollars".  The  contract  required  two  f ormal , demonstrat ions , 

19  months  and  25  months  after  contract  award.  To  put  this  in  perspective  with  regard  to 
schedule;  the  first  demonstration  was  one  month  after  completion  of  the  Critical  Design 
Review  (CDR)  and  the  second  was  three  months  after  the  Production  Readiness  Review. 

General  Dynamics  plan  for  meeting  this  production  cost  goal  consisted  of  the 
following : 

1.  Setting  unit  production  c.  st  goal  at  the  4th  level  Work  Breakdown 
Structure  (WBS) . 

2.  Periodic  cost  estimates. 

3.  Assigning  the  responsibility  for  meeting  these  goals  to  WBS 
Element  Managers. 

4.  Identification  of  cost  drivers  with  special  emphasis  on  cost  control. 

The  process  for  implementing  this  plan  is  illustrated  in  Figure  4.  DTC  targets  at  the 
4th  level  WBS  were  assigned  shortly  after  contract  award.  Each  WBS  target  cost  was 
further  allocated  as  to  functional  department.  Periodically,  cost  estimates  were  made 
and  compared  to  the  targets.  Any  overrun  would  cause  corrective  action  to  be  initiated 
by  the  affected  Element  Manager.  In  addition  to  the  WBS  tracking,  cost  drivers  were 
identified  and  tracked  on  a  more  frequent  basis.  Cost  analyses  of  the  entire  air 
vehicle  indicated  that  fifty  (50)  items  comprised  approximately  eight-two  percent  (82/1) 
of  the  total  cost  target.  This  permitted  an  efficient  expenditure  of  manhours  for  the 
purpose  of  cost  control. 

The  assignment  of  cost  targets  to  the  4th  level  WBS  resulted  in  the  target  being 
the  responsibility  of  a  single  individual.  This  individual  is  the  WBS' Element  Manager 
who,  in  most  cases  was  also  the  responsible  design  group  supervisor.  The  relationship 
of  these  individuals  to  top  management  is  illustrated  in  Figure  5.  F.ach  Element  Manager 
reports  directly  to  the  Program  Director.  This  provides  him  immediate  access  to  the  top 
decision  making  function  in  the  program. 

As  noted  above,  most  Element  Managers  are  also  design  supervisois  who  have  normal 
design  responsibilities.  They  also  have  the  responsibility  in  their  WBS  for  the  report¬ 
ing  of  status,  integration  and  review  of  information  pertaining  to  all  functional  depart¬ 
mental  assigned  responsibilities  within  their  WBS. 

For  example,  in  Design  To  Cost  targets,  an  Element  Manager  is  assigned  a  target 
containing  costs  broken  out  by  Engineering,  Tooling,  Manufacturing,  Quality  Assurance 
and  Procurement.  Figure  6  illustrates  this  breakout  at  sevei  al  levels  of  WBS.  I'he 
Element  Manager  is  responsible  to  the  Program  Director  for  monitoring  and  reporting  on 
the  periodic  cost  estimates  for  his  WBS.  Any  overrun  situation  and  corrective  action, 
if  any,  is  discussed  and  agreed  to  by  these  two  individuals.  Sometimes  a  cost  overrun 
in  one  WBS  could  be  compensated  for  in  an  underrun  in  another  WBS;  in  these  instances, 
the  Program  Director  might  elect  to  take  no  action  as  long  as,  in  his  judgment,  the  total 
cost  target  was  being  met.  It  is  considered  very  important  to  maintain  this  management 
option;  otherwise  in  some  instances  an  unwarranted  amount  of  time  and  effort  could  be 
expended  to  correct  a  relative  small  cost  overrun. 

To  further  help  the  Element  Manager  in  cost  control,  an  analysis  was  made  to  deter¬ 
mine  whether  a  few  high  cost  items  might  bear  special  attention.  As  noted  above,  it 
was  determined  that  50  cost  drivers  accounted  for  eightv-two  percent  (8 of  the  o  st 
target.  This  is  illustrated  in  Figure  7.  These  drivers,  it  turns  out,  ire  sptead  rather 
evenly  among  the  major  divisiiris  of  the  air  vehicle,  i.e., 

AIR  VEHICLE  ELEMENT  NITIBER  OF  COST  DRIVERS 

Airframe  ?? 

Flight  Control  9 

Avionics  1  1 

Armament  2 


Weapons  Delivery 
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Some  examples  of  cost  drivers  are: 
o  Nose  Radome 
o  Landing  Gear 
o  ECS  Heat  Exchanger 
o  Flight  Control  Computer 
o  Inertial  Navigation  Set 
o  Fire  Control  Computer 
o  Radar  E/0  Display 

Cost  estimates  of  cost  drivers  were  provided  to  the  Element  Manager  more  frequently  than 
for  the  complete  WBS  element.  This  proved  to  be  effective  as  well  as  efficient. 

Another  major  acquisition  cost  control  effort  involved  trade  studies.  Trades  were 
utilized  effectively  since  early  in  the  program.  During  FSD/Production  design,  they 
continued  to  be  productive. 

A  total  of  397  air  vehicle  trade  studies  in  all  major  areas  were  accomplished  as 
illustrated  in  Figure  8.  The  total  potential  value  of  all  trades  was  $117,789,900.  The 
value  of  those  trades  actually  implemented  was  $88,731,900  total  or  $136,512  per  aircraft. 
This  represented  approximately  57.  of  the  DTC  target.  Figure  9  illustrates  a  typical 
structural  type  trade. 

As  noted  previously,  the  contract  provided  for  an  award  fee  of  up  to  $800,000  for 
the  successful  accomplishment  of  the  air  vehicle  trade  studies. 

In  addition  to  the  above,  DTC/LCC  analyses  of  supplier  proposals  were  used  exten¬ 
sively  in  making  procurement  decisions.  A  detailed  life  cycle  cost  analyses  was  pre¬ 
pared  on  selected  major  procurement  cost  items. 

4.  OPERATION  AND  SUPPORT  COST  CONTROL 

Control  of  operation  and  support  costs  is  perhaps  more  difficult  than  acquisition 
costs.  For  on"  thing,  O&S  costs  are  incurred  in  a  time  period  much  later  than  production 
costs.  Another  problem  is  that  O&S  costs  are  generated  by  a  variety  of  organizations, 
groups,  and  agencies,  whereas,  production  costs  generally  are  under  the  control  of  a 
single  prime  contractor. 

This  points  up  the  problem  then  of  a  prime  contractor  attempting  to  control  down¬ 
stream  operation  and  support  costs.  However,  in  spite  of  the  difficulties  there  are  some 
O&S  costs  that  the  prime  contractor  can  influence. 

Two  of  the  most  powerful  O&S  cost  drivers  that  can  be  controlled  by  the  prime  con¬ 
tractor  are  air  vehicle  reliability  and  maintainability.  General  Dynamics  proposed  and 
implemented  a  number  of  design  features  which  will  result  in  reduced  O&S  costs  including: 

o  Improved  engine  removal . 

o  Improved  maintenance  access. 

o  Built-in  performance  indicators. 

o  Extensive  use  of  existing  hardware. 

Also  during  design  special  attention  was  given  to 

o  Fuel  containment. 

o  Protection  against  water  in  electronic  equipment, 
o  Corrosion  prevention, 
o  Proven  electrical  connectors. 

o  Minimization  of  design  features  which  contribute  to  stress  corrosion, 
o  Maintaining  a  good  margin  for  cooling  of  electronic  equipment. 


o  Requiring  minimizing  of  pie^e-part  count  in  complex  electronic  equipment. 

o  Selection  of  materials  which  are  resistive  to  aging. 

With  these  design  features  and  managements  emphasis  on  cost  control,  General  Dynamics 
accepted  the  contractual  requirements  for  Reliability  Improvement  Warranty  (RIW)  and 
Target  Logistic  Support  Cost  Guarantees. 


In  the  case  of  RIW,  the  contract  required  the  contractor  to  provide  (at  firm  fixed 
prices) 


o  a  48-month  (or  300,000  flight  hour)  reliability  improvement  warranty  on  any 
or  all  of  the  First  Line  Units  (FLUs)  listed  below,  or 

o  a  48-month  (or  300,000  flight  hour)  reliability  improvement  warranty  with 
MTBF  guarantee  on  any  or  all  of  the  following  FLUs: 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 


Flight  Control  Computer  (*) 

Inertial  Navigation  Unit  (*) 

Fire  Control  Computer 
Radar  E-0  Display 

Radar  E-0  Signal  Generator  Electronic  Unit 
Head  Up  Display  (*) 

Head  Up  Display  Electronic  Unit  (**) 

Radar  Antenna  (*) 

Radar  Transmitter  (**) 

Radar  Digital  Processor  (*) 

Radar  Computer  (*) 

Radar  Low  Power  RF  (*) 


The  contract  provides  that  the  government  must  exercise  this  option  on  or  before  the 
production  decision  date  and  prior  to  spares  provisioning.  The  terms  of  the  warrant- 
are  that  General  Dynamics  must  deliver  all  selected  option  FLU’s,  during  the  term  of  the 
warranty  period  free  from  defects  in  design,  material;  and  workmanship  and  shall  operate, 
when  required,  in  its  intended  environment  in  accordance  with  contractual  specifications. 
The  items  identified  by  (*)  were  selected  for  RIW.  Those  identified  by  (**)  were  selected 
for  RIW-MTBF. 


5.  LOGISTIC  SUPPORT  COST 

This  contractual  provision  involves  two  types  of  logistic  support  cost  commitment, 

i  .  e  .  , 


o  Target  Logistic  Support  Cost  -  Correction  of  Deficiency  (TLSC  -  COD) . 

o  Target  Logistic  Support  Cost  -  System  (TLSC  -  SYSTEM) . 

For  the  TLSC-COD,  General  Dynamics  guarantees  that,  for  the  selected  FLUs  (to  be  selected 
from  the  list  above)  the  measured  Logistic  Support  Cost  (MLSC-COD)  will  not  exceed  a 
specified  total  TLSC-COD  value.  The  MLSC-COD  is  to  be  determined  by  an  equation  provided 
by  the  Air  Force  in  the  original  contract.  Certain  parameters  of  the  equation  would  be 
measured  during  the  verification  test  specified  in  the  contract.  This  test  is  to  last 
for  a  period  of  3500  flying  hours  and  begin  six  months  after  the  first  F-16  squadron 
becomes  operational.  If  the  total  MLSC-COD  exceeds  the  total  TLSC-COD  by  more  than  25"i, 
General  Dynamics  must  institute  a  correction  of  deficiencies  course  of  action  which  will 
bring  the  logistics  cost  within  the  prescribed  range. 

The  contract,  in  addition  to  providing  the  above  methods  of  Of.S  cost  control,  also 
contains  provisions  for  related  award  fees,  i.e.,  TLSC  and  Support abi 1 i t v  Trade  Studies. 


Award  Fees  are  provided  for  in  the  contract  for  both  TLSC-COD  and  TLSC- SYSTEM.  The 
potential  fees  are  $2  million  for  TLSC-COD  and  $6.4  million  for  TLSC-SYSTEM  The  contractor 
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is  eligible  for  the  awards  if  the  respective  MLSC  does  not  exceed  the  TLSC.  The  final 
determination  is  to  be  made  by  the  government. 

The  contract  also  provides  for  an  award  fee  related  to  supportability  trade  studies. 
The  potential  of  this  fee  was  $2.4  million. 

A  total  of  64  supportability  trade  studies  were  accomplished  in  many  areas  as 
illustrated  in  Figure  10.  The  total  potential  value  of  all  trades  was  $964  million. 

The  value  of  all  trades  actually  implemented  was  $563  million.  This  represented  approxi¬ 
mately  147.  of  the  total  life  cycle  cost  of  the  basic  F-16  program. 

The  above  discussions  on  logistics  costs  control  have  been  brief  to  fit  the  general 
scope  of  this  paper.  However,  a  more  in  depth  treatment  of  this  subject  can  be  found 
in  item  2  of  the  list  of  references . 

6 .  CONCLUSION 

Cost  control  to  be  effective  must  be  instituted  very  early  in  the  program.  Once  the 
size  and  weight,  the  vehicle  configuration  and  equipments,  and  the  major  construction 
details  have  been  established,  it  is  very  difficult  to  effect  major  cost  reductions. 
DTC/LCC  control  procedures  introduced  in  recent  years  can  be  very  helpful  in  controlling 
costs  throughout  the  development  of  the  system. 
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Figure  1  YF-16  Advanced  Technologies  and  Design  Features 
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Figure  2  YF-16  Design  to  Cost  Features 
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Figure  4  DTC/LCC  Process 


Figure  5  Element  Manager  Relationship  to  Top  Management 
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Figure  7  A  Few  Cost  Drivers  Comprise  Most  of  The  Cost 


NUMBER 

OF  TRADES 

CATEGORY  OF  TRADE 

TOTAL  VALUE 

IMPLEMENTED 

VALUE 

MANUFACTURING 

231 

•PRODUCIBILITY 

17.582.000 

ALL 

49 

•  STRUCTURAL 

6.012.000 

ALL 

33 

•  EQUIPMENT 

4.88c  300 

ALL 

14 

•  WEIGHT  FOR  COST 

6.502.000 

ALL 

$34,984,700 

ALL 

PROCUREMENT 

35 

•  EQUIPMENT 

19,127,200 

ALL 

14 

•  AVIONICS 

6,391,000 

ALL 

15 

•PROCUREMENT 

16,777,000 

ALL 

6 

•  FORMAL 

40,510,000 

11,452,000 

397 

$82,805,200 

$53,747,200 

TOTAL 

$117,789,900 

$88,731,900 

_ 

Figure  X  Air  Vehicle  Trade  Studies 
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CURRENT  -  CAST  &  BUILDUP  ALTERNATE-ONE  PIECE  CAST 
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F  igure  9  Typical  Structural  Trade 
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Figure  10  Distribution  of  Support  ability  Trade  Studies 
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STRUCTURAL  INTEGRATION  AS  A  MEANS  OF 
COST  REDUCTION 
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ABSTRACT 

The  cost  of  the  structure  became  as  important  as  weight.  By  the  means  of  some  components 
of  the  Tornado  fighter  aircraft  it  is  demonstrated  how  the  costs  can  be  reduced  by 
structural  integration.  The  components  are  two  flat  panels,  the  wing  carry  through  box 
and  the  Taileron.  Cost  savings  could  be  achieved  from  15%  to  a  maximum  of  68%. 

1 .  INTRODUCTION 

The  ever  increasing  requirements  of  the  overall  performance  of  modern  fighter  under  the 
consideration  of  minimum  weight  leads  to  very  sophisticated  structure.  This  could  lead 
to  a  dramatic  cost  increase,  which  would  cause  a  reduction  of  the  effectivity  of  the 
system. 

Therefore,  it  is  a  basic  task  that  the  designer  is  controlling  the  cost  of  the  product 
from  the  beginning  as  diligently  as  he  has  done  for  weight  in  the  last  50  years. 

One  very  efficient  method  amongst  others  to  keep  the  cost  down  is  to  minimize  the 
number  of  parts  by  means  of  structural  integration.  In  this  paper  the  effectivity  of  that 
method  will  be  demonstrated  on  some  structural  components  of  the  Tornado  fighter  air¬ 
craft.  (Fig. 1 ) 

The  Tornado  is  a  multi  role  combat  aircraft  in  the  Mach  2*  category. 

2.  METHODS  FOR  COST  REDUCTION 

A  method  for  reduction  of  the  cost  per  unit  is  to  increase  the  number  of  the  aircraft 
and  production  rate.  This  is  absurd  for  one  country  only,  because  it  leads  to  reduction 
of  the  unit  cost  by  increasing  the  overall  cost  of  the  fleet.  The  way  to  overcome  this 
absurdity  is  a  bi-  or  multi-national  co-operation .This  is  the  case  of  the  Tornado  which 
was  developed  by  FRG ,  Italy  and  the  UK  and  is  now  in  production  in  those  countries. 

This  is  only  effective  if  worksharing  is  practised;  that  is,  one  country  manufactures 
the  components  of  the  whole  fleet  as  a  single  source.  In  the  case  of  Tornado  the 
tri-national  co-operation  caused  an  increase  in  the  number  of  aircraft  from  120  units 
for  German  requirement.,  to  more  than  800  units  with  a  delivery  rate  of  8  to  10  units 
per  month. 

In  FRG  the  centre  fuselage  and  the  wing  carry  through  box  is  being  manufactured,  in 
Italy  the  wings  and  in  the  United  Kingdom  the  cockpit,  the  aft  fuselage  (  engine  sec¬ 
tion  ),  the  vertical  stabilizer  and  the  differential  movable  horizontal  stabilizer, 
the  so  called  Taileron. 

For  800  unites  it  is  worth  investing  in  production  equipment  and  tooling  to  rationalize 
the  manufacturing  process.  By  NC  machininq,  automatic  cutter  change  and  so  on,  cost 
savinqs  can  be  achieved,  but  this  automation  can  be  performed  for  part  manufacturing 
on  ly . 

In  addition  the  usage  of  the  die-forged  parts  cuts  the  cost  down  and  it  is  evident 
that  the  forging  is  not  very  efficient  for  a  set  of  only  10O  aircraft,  which  is  the 
requi rement  of  Italy. 

Die-forging  and  the  optimisation  of  the  cut  of  raw  material  reduced  the  worked  up  raw 
material  for  the  centre  fuselage  about  18%. 

But  even  with  optimised  too’ing  the  assembly  remains  a  manpower  consuming  t ask . The  re f <> r . 
it  is  obvious  that  a  further  cost  reduction  can  be  achieved  only  by  reduct  ion  ot  the 
amount  of  parts  which  have  to  be  assembled.  This  must  be  done  by  structural  integr.it  ion. 

This  is  the  last  link  in  a  chain  where  the  cost  of  an  aircraft  unit  can  be  influenced. 

On  a  political  level  the  decision  must  be  taken  about  co-operation  and  the  numel.ei  el 
aircraft,  which  are  linked  together.  The  management  must  decide  which  investment  is  to 
be  made.  The  men  at  the  drawing  board  influence  the  number  of  parts  and  have  a  good 
deal  of  the  responsibility  for  the  cost. 
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3.  DEMONSTRATION  OF  COST  SAVINGS  ON  SOME  COMPONENTS 

On  some  components  of  the  primary  structure  of  the  Tornado  that  achieved  cost  savings, 
due  to  the  reduction  of  the  number  of  parts  by  means  of  structural  integration,  will 
be  demonstrated.  These  are  two  flat  panels,  both  carrying  bending  and  shear  forces, 
the  central  wing  carry  through  box  and  the  Taileron.  The  improvements  of  the  panels 
and  the  wing  carry  through  box  were  performed  in  the  productionizing  phase  whilst  the 
work  on  the  Taileron  is  a  joint  task  of  BAe  and  MBB  for  product  improvement  by  applica¬ 
tion  of  advanced  technologies  on  that  component. 

These  components  have  been  chosen  because  the  cost  saving  has  been  achieved  by  different 
engineering  approaches. 

a)  change  of  design  principles 

In  the  case  of  the  panels,  the  design  principle  has  been  changed.  The  prototype 
structure  is  a  built  up  structure  whilst  the  production  one  is  a  sandwich  construc¬ 
tion  . 

b)  improved  engineering 

The  improvements  for  the  wing  carry  through  box  were  obtained  by  excellent  enginee¬ 
ring.  This  is  a  good  example  for  the  importance  of  a  productionizing  phase,  because  the 
conditions  during  the  prototype  phase  are  not  given,  i.e.  high  investments,  LLI 
(long  leed  items  ),  expensive  dies,  tools,  etc. 

c)  advanced  technology 

The  Taileron  demonstrates  that  by  the  change  of  technology  from  a  metal  design  to  a 
Carbon  Fibre  Reinforced  Plastic  (CRP)design,  cost  and  weight  reduction  can  be  ob¬ 
tained.  In  Fig.  2  the  structure  of  the  centre  fuselage  of  the  Tornado  is  shown  and 
the  components  to  be  discussed  are  identified. 


3.1  Sandwichpanel  (change  of  design  principle) 

The  first  example  to  be  discussed  is  a  panel  of  the  upper  surface  of  the  centre  fuselage. 
It  is  a  primary  structure  and  has  to  carry  forces  caused  by  bending  and  shear.  The  proto¬ 
types  have  a  sheet  metal  assembly  that  is  a  box  type  structure  with  an  upper  and  lower 
skin  stiffened  by  extensions  or  arms  of  the  frames  and  bulkheads.  The  lower  skin 
is  the  upper  surface  of  the  wing  pocket,  which  carries  part  of  the  wing  slot  seal. 

When  the  wing  is  in  the  forward  swept  position,  it  must  not  be  a  gap  between 
ttie  wing  root  and  the  fuselage.  Therefore  the  root  of  the  wing  aft  of  the  pivot  point  inter¬ 
feres  with  the  fuselage  if  the  wing  is  being  swept  back  and  a  pocket  in  the  fuselage 
is  therefore  necessary.  The  panel  does  not  buckle  at  limit  design  load. 

For  the  series  aircraft  the  design  principle  was  changed.  (Fig.  3)  Instead  of  a  sheet 
metal  assembly,  a  sandwich  construction  was  chosen.  This  caused  a  47%  reduction  of  parts 
to  be  assembled,  a  71%  reduction  in  fasteners,  a  cost  saving  of  24%  and  a  weight  saving 
of  4,0%.  The  number  of  fasteners  per  kg,  which  is  a  cost  driver,  dropped  from  36,7  to  11. 
Most  of  the  decrease  in  the  number  of  parts  were  obtained  by  elimination  of  most  of  the 
frame  arms. 


As  a  second  example  for  that  approach,  the  lower  panel  of  the  main  undercarriage  bay  will 
be  considered.  (Fig.  4)  That  panel  is  also  primary  structure.  The  panel  of  the  proto¬ 
type  is  a  skin-stringer  construction  stiffened  by  arms  of  frames  and  bulkheads.  The  skin 
is  part  of  the  lower  surface  of  the  fuselage  and  does  not  buckle  up  to  limit  design  load. 
For  the  series  aircraft,  again  a  sandwich  construction  was  chosen,  which  gave  a  22  % 
reduction  of  the  quantity  of  parts,  a  80  %  reduction  of  fasteners  and  a  cost  saving  of 
iu  *.  The  number  of  fasteners  per  kilogramme  dropped  from  116  to  10.  The  weight  of  that 
part  increised  by  10  %.  This  weight  increase  is  to  be  seen  in  relation  to  the  overall 
mass  of  the  structure,  because  the  stiffer  sandwichpanel  caused  a  redistribution  of  the 
internal  loads  and  took  more  load  than  the  weaker  prototype  panel.  Theiefore,  other 
components  of  the  lower  structure  of  the  fuselage  became  lighter  and  results  in  a  small 
overall  weight  saving. 

In  that  particular  case  the  sandwich  construction  has  an  additional  advantage.  The 
bottom  of  the  undercarriage  bay  has  a  smooth  surface  and  is  therefore  easier  to  clean. 

The  cost  reduction  was  achieved  although  bonding  jigs  are  expensive,  but  a  lot  of  other 
tools  and  jigs  could  be  eliminated.  In  these  t  wo  cases  preassemli l ing  of  the  panels  was 
not  possible  because  of  the  frame  arms  were  one  piece  with  the  frame.. So  the  assembly 
has  to  be  performed  in  the  main  assembly  jig  which  increases  the  holding  time.  In 
general  the  work  load  in  a  main  assembly  jig  is  very  high  and  one  should  always  try  to 
do  as  much  work  as  possible  in  subassemblies. 

These  two  examples  obviously  showed  that  a  sandwich  construction  can  lead  t o  a  signifi¬ 
cant  cost  reduction.  In  a  sandwich  structure  the  functions  of  stringers  and  ribs  are 
structurally  integrated  in  the  honeycomb  assembly. 


3.2  N/C  machined  and  E/B  welded  wing  carry  through  box 


HM 


The  wing  carry  through  box  is  structurally  not  Integrated  in  the  overall  fuselage 
structure.  (  Fig.  5  )  It  is  a  seperate  component  sustained  by  o  links  or  posts  at  its 
•lower  surface  and  fitted  to  6  longerons  at  its  upper  surface.  The  parts  are  N/c 
machined  and  E/B  welded  except  the  upper  plate  which  is  bolted  to  the  welded  "bath-tub". 
Mounted  to  the  wingbox  is  the  wing  sweep  actuator  fitting. 

Although  in  general  the  design  principles  were  not  changed  from  prototype  to  series 
structure  a  significant  cost  and  weight  reduction  could  be  realized  by  thorough  enginee¬ 
ring. 

The  use  of  some  components  of  the  wingbox,  the  actuator  fitting  and  finally  the  wing 
box  itself  will  demonstrate  how  structural  integration  influence  the  cost  and  the  weight. 

The  rear  sidewall  (Fig. 6)  of  the  prototypes  which  is  the  shear  web  of  the  box  in  the 
y-z  plane,  was  built  by  6  parts  welded  together  and  6  parts  bolted  on. The  angles  are 
bolted  on  the  sidewall  joining  the  ribs  with  the  sidewall. 

In  the  series  design  the  6  angles  and  the  upper  flanges, which  were  E/B  welded  to  the 
shear  web  in  the  prototype  design,  were  structurally  integrated  and  the  parts  of  the 
web  to  be  welded  together  reduced  from  6  to  2. The  number  of  parts  were  reduced  from 
12  to  2,  the  number  of  weld  seems  from  5  to  1  and  fasteners  were  eliminated  completely. 

A  weight  saving  of  37%  could  be  achieved  partly  by  this  structural  integration  and 
partly  by  better  engineering.  The  cost  drooped  to  44%  of  the  prototype  design. 

A  further  example  which  will  be  presented  is  the  wing  sweep  actuator  fitting.  (Fig.  7) 
This  fitting  is  mounted  to  the  wingbox  and  is  stressed  by  symmetrical  and  asymmetri  -al 
loads  of  the  wing  sweep  actuator. 

It  is  a  class  I  part,  that  means  a  failure  of  the  fitting  causes  a  loss  of  aircraft. 

It  is  a  highly  loaded  fatigue  critical  item. 

The  actuator  fitting  of  the  prototypes  is  a  hybrid  framerod  design  whereas  the  series 
fitting  is  a  classical  strut  design.  This  is  the  only  component  of  the  wing  carry  through 
box  for  which  the  design  principles  were  changed  from  prototype  to  series. 

Before  we  will  discuss  the  cost  saving  parameters  we  should  say  a  few  words  about  the 
different  designs.  The  series  fitting  has  a  very  clear  load  path  although  it  is  a 
statically  indeterminate  structure .There  are  only  a  few  notches,  but  these  are  well 
known  engineering  elements  i.e.  lugs.  By  the  reason  of  the  static  redundancy  the  fitting 
is  fail  safe  with  regard  to  a  failure  of  strut,  which  is  very  desirable  for  such  a 
vital  component.  The  fail  safe  capability  was  proven  by  test. 

The  prototype  fitting  is  a  complex  structure  where  the  load  paths  are  difficult  to 
comprehend . 

There  are  a  lot  of  notches  and  in  the  event  of  an  existing  crack  you  have  to  rely  on 
a  small  crack  growth. 

The  reduction  of  the  number  of  parts  is  high  and  the  reduction  of  fasteners  ext romly 
high,  this  is  not  clearly  seen  in  the  figure.  The  series  design  has  only  4  I  f  of  the  num¬ 
ber  of  parts  of  the  prototype  design  and  only  14%  of  the  amount  of  fasteners.  In 
addition  some  of  the  parts  of  the  series  design  are  identical  thus  the  number  of  diffe¬ 
rent  parts  drop  from  9  to  4 . 

This  all  results  in  a  cost  saving  of  68%  and  a  weight  saving  of  16%. 

The  example  clearly  shows  that  a  cost  reduction  and  weight  saving  can  be  achieved  to¬ 
gether  with  an  improvement  of  performance  of  the  component  with  a  thorough  design. 

Two  components  of  the  wing  carry  through  box  are  shown  in  detail  and  will  be  represen¬ 
tative  for  the  whole  box.  The  wing  carry  through  box  is  a  highly  loaded  st ruct ure . ( Kig8 ) 
The  loads  in  the  pivot  lugs  are  up  to  4500  KN  (UDL)  and  the  loads  in  the  links  by  which 
the  box  is  attached  to  the  fuselage  are  up  to  1600  KN .  The  box,  as  previously  defined, 
is  a  class  I  structure. 

The  material  of  the  welded  components  and  the  webs  is  Ti  GAL  4V,  whereas  the  material 
o;  the  upper  panel  is  Ti  6AI.  6V  2Sn.  The  latter  material  has  an  advantage  in  the  range 
of  elastic  plastic  compression  stresses.  The  reason  is  the  requirement  to  inspect  and 
machine  all  weld  seems.  All  fittings  and  lugs  (except  the  wing  sweep  actuator  iitting), 
where  titanium  was  the  lightest  ehoise  of  material  are  structurally  integrated  in  t he 
wing  box.  The  upper  and  lower  plates  are  integral  machined  plates.  All  components  are 
machined  from  plates  or  forgings  except  the  internal  ribs  which  are  made  from  sheet 
metal.  It  should  also  be  mentioned  that  the  wing  box  is  used  as  an  lntogtal  luel  cell. 

The  re-design  of  the  wing  box  gave  a  weight  saving  of  16*  and  20%  less  parts.  The 
amount  of  fasteners  dropped  by  29%.  This  results  in  a  cost  saving  of  t  1*  for  the  set  w>s 
wincj  carry  through  box. 

It  is  interesting  to  note  that  the  numbet  of  parts  per  kg  remains  almost  unchangi  t, 
because  the  weight  reduction  and  number  of  part  reduct  ion  is  ne.ii  ly  t  he  same.  The  numb*  i 
of  fastener  per  kg  was  diminished  from  1.67  to  1.42. 

These  ex  imp  It'S  obviously  demonstrate  again  how  sensitive  the  costs  aie  with  loqaid  to 
the  number  of  parts  and  how  the  cost  can  be  reduced  by  stiuctur.il  integiat  ion. 
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3.3  Composite  structure 

Advanced  technologies  which  give  significant  weight  reduction  should  not  cause  an 
increase  in  cost  .  BAe  and  MBB  developed  a  CRP  Taileron  which  will  be  compared  with 
the  existing  metal  Taileron.  The  desiqn  goal  was  to  demonstrate  weight  reduction  but 
the  manufacturing  cost  had  to  be  at  least  equal  to  or  less  than  that  for  the  metal 
Tai leron . 

The  metal  Taileron  consists  of  an  inner  , highly  loaded,  box  type  structure  with  ribs  and 
integral  machined  stiffened  skins.  (Fig. 9)  The  less  loaded  rear  and  outboard  parts  are 
a  full  depth  honeycomb  construction.  The  leading  and  trailing  edges  are  seperate  parts. 
All  these  components  are  bolted  together.  The  Taileron  is  mounted  on  a  spigot,  which  is 
attached  to  the  fuselage  structure. 

The  CRP-Taileron  is  a  full  depth  honeycomb,  except  in  the  spigot  area . (Fig . 1 O)  There 
also  exists  a  CRP  substructure.  Part  of  the  root  rib  with  the  bearing  housing  and  the 
integrated  actuator  lever  as  well  as  the  outboard  bearing  housing,  is  made  out  of 
aluminium.  Possibly  this  is  not  the  lightest  structure  but  with  regards  to  the  cost  it 
is  an  engineering  optimum. 

The  honeycomb  is  of  course  a  bonded  structure  whereas  the  substructure  is  preassembled 
and  bolted  in.  The  carbon  skins  are  built  up  from  6  to  64  plies.  The  material  used  is 
the  Ciba  prepregsystem  914C  with  the  XAS  fibre  by  Courtaulds.  The  lower  skin  has  an 
access  hole  which  is  required  to  secure  the  outboard  bearinq  where  the  y-loads  are 
carried.  The  leadinq  and  trailing  edqes  are  seperate  parts.  The  material  of  the  leading 
edge  is  Glass  Fibre  Reinforced  Plastic  (GRP),  and  that  of  the  trailinq  edge  CRP. 

A  comparison  of  both  designs  shows  that  the  CRP-Taileron  has  only  25%  of  the  number  of 
parts  of  the  metal  Taileron  and  42%  of  the  fasteners.  A  weight  reduction  of  18%  together 
with  a  15%  cost  reduction  could  be  achieved  .  At  first  this  result  is  surprising  due 
to  the  fact  that  the  material  cost  for  CRP  are  much  higher  than  that  for  metal,  but 
keeping  in  mind  that  the  waste  material  for  a  machined  metal  component  is  75%  to  90% 
whereas  the  waste  cut  off  for  the  Carbon  prepreg  ist  15%  to  25%.  Therefore  the  influence 
of  the  higher  price  for  the  material  loses  its  importance  on  the  cost  of  the  CRP  com¬ 
ponent  .  It  should  be  stated  that  the  estimate  of  cost  for  CRP-Taileron  is  based  on 
engineering  drawings  and  on  manufacture  expertise  of  prototype  but  not  yet  on  an  actual 
series  production  component.  Compared  with  the  previous  results  the  cost  saving  for 
the  CRP-Taileron  must  be  conservative. 

4. SUMMARY 

By  the  means  of  some  primaty  structural  components  of  the  Tornado  fighter  aircraft 
it  demonstrates  how  cost  can  be  reduced  by  structural  integration.  With  the  exoption 
of  the  CRP  Taileron  the  data  were  not  calculated  but  experienced  in  the  shops  and 
compared  with  cost  of  fully  assembled  component  of  a  prototype  aircraft  with  one  of 
the  first  series  units.  Cost  reductions,  due  to  improved  tooling,  batch  manufacturing, 
in  general  by  optimisation  of  the  whole  manufacturing  processes  are  not  included. 

The  presented  cost  reductions  are  due  to  a  re-design  only.  Naturally  the  designer  must 
have  communication  with  the  man  in  the  shops  to  achieve  an  optimum  of  design  to  cost. 

The  described  components  were  chosen  as  examples  for  different  approaches ,  which  led  to 
the  cost  reductions: 

a)  change  of  lesign  principles,  in  specific  cases  change  from  sheet  metal  design  to  a 
sandwich  component  (  uppei  and  lower  panel  ) 

b)  improved  engineering  and  optimisation  of  an  existing  design  without  a  change  of  the 
design  principles  (  N/C  machined  and  E/B  welded  wing  box  ) 

c)  change  of  technology  (  CRP-Taileron  ) 

A  summary  of  the  presented  data  is  given  in  Fig  11,12  and  13.  The  figures  show  the 
amount  of  reductions  in  relation  to  previous  desiqn.  An  analysis  of  the  data  leads 
to  a  very  simple  and  therefore  often  forgotten  qround  rule  for  design: 

Keep  the  number  of  parts  and  fasteners 
at  a  minimum. 

This  ground  rule,  as  well  as  every  other  rule,  must  be  applied  "cum  grano  sails". 

If  the  structural  integration  leads  to  a  non  standard  raw  material  size  it  might  be 
that  twfi  parts  are  cheaper  than  one. 


SHEET  METAL  ASSEMBLY 


UPPER  SKINS 


METAL  SANDWICH  ASSEMBLY 


SHEET  METAL  ASSEMBLY 

1002 

REDUCTION  OF  PARTS 

472 

REDUCTION  OF  FASTENERS 

712 

MASS  REDUCTION 

42 

COST  REDUCTION 

242 

FIG.  3  UPPER  PANEL 


sp>, 


' c , 


6' 


METAL  -SANDWICH  ASSY 


PARTS/KILOGRAMME  5,9 
FASTENERS/KILOGRAMME  22,5 


SECTION  D-D 


+ 


'Oc 


'0 


SHEET  METAL  ASSY  100% 
REDUCTION  OF  PARTS  22% 
REDUCTION  OF  FASTENERS  RU% 


MASS  INCREASE 
COST  REDUCTION 


10% 

30% 


•Os* 


t; 
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FIG. 7  ACTUATOR  FITTING 
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Franijois  CORDlft,  Direction  Gent-rale  Technique 
AVIONS  MARCEL  DASSAULT  BREGUET  AVIATION 
78,  quai  Carnot  9221A  -  Saint-Cloud  - 


RESUME 


Le  projet  d'un  aviori  de  combat  mode  me  no 
peut  plus  etre  entrepris  sans  faire  intervenir  It- 
cout  a  I'egal  de  la  mission  ou  des  performances 
dans  les  rompromis  qui  conduisent  au  choix  d'uiu- 
formule  d'avion,  Ces  compromis  sunt  fondcs  sur  les 
technologies  dont  on  pourra  disposer  au  mom-*nt  lu 
demarrage  de  la  production.  II  s'agit  en  particu- 
lier  de  technologies  m  uveiles  qui  out  quitte  1>- 
stade  du  lahoratoi  re  el  Sent  entrees  en  appl  i  cat  i  on 
sur  des  avions  existants  avanf  I'etre  integv«'s  a 
plus  grar.de  echo  lie  lar.s  ie  projet.  La  technologic 
des  composites  Carl  n.-Hp  xy  -st  en  nation.-  do 
structure  une  des  plus,  n-marqu.ut  les.  Du  introduc¬ 
tion  au  sladc  projet  so  traduit  par  les  gains 
masse  et,  de  ceut  d'atord  sur  ier.  «'  1  orient  r-  auxqje  .s 
on  1  'applique,  puis  par  I’effet  !u  fact  eux-  i '  amj  .  - 

ficatiori  sur  :  ’ensemble  de  la  at  rue;  . . t  1 

de  1* aviori  :  moteurs  ,  t-quipemt-nt  s,  .-embust  il 
tel  processus  suppose  quo  ia  t  echne  1 .  g  i  ••  d.  n’ 
envisage  1 ’applicat  ;-’>n  ait  att«-ir.t  an  i.-gr'  d- 
maturation  qui  permett  e  d'en  pi*.'  lire  vac  i :  . 

les  performances  et  les  coOis. 
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L'.ivionneur  ijoit  done  disposer  a  ce  stade  d'un  moyen  ra i sonnab  1  emvrit  pr'-.-is  ,-t. 
fiable  d’estimer  les  coats  d'un  aviot  qu'il  produira  cinq  a  dix  ans  i  la.;  t.ard, 
conme  il  s'agit  do  oompromis  il  faut  que  cet  outil  permette  do  comparer  jo;-  *  n  - 
logies  diffC-rentes  et  en  particulier  celles  d '  aujourd '  hui  avec  cel les  P-  denial;., 
e‘est-a-dire  d'une  part  les  technologies  utilisees  couramment  dans  1  a  product  1 
des  aviuns  sort  ant  de  chaine  et  d' autre  part,  les  technologies  nouvol  les  qui  :a-i-  .*.t 
utilisees  quand  sortira  1'avion  dont  il  veut  optimiser  la  formul  •. 

L * ame  1  i orat i on  des  performances  par  1*  introduction  <iea  tect.ir-lugie., 
nouvelles  a  toujours  etc  une  caracti-ristique  de  1 '  Industrie  aeronaut  ique  et  mot. 
propos  est  de  montrer  que  s'  leur  rnise  an  point  a  permis  tiier  une  amelioration 
spectaculaire  des  performances,  elle  peut  permettre  aussi  domain  d'ugir  sur  les 
prix  de  fa** on  non  moins  spectaculaire.  Ceci  est,  I'ailleurs  un  autre  l  K-u  comma  t: 
dans  le  domaine  des  produits  commerciaux  (figure  2). 

Notre  metier  d'avionneur  consiste  entre  autre  a  coric.-voir  une  cellule  dont.  la  resis¬ 
tance  soit  obtenue  pour  une  masse  aussi  faible  que  possible.  Il  rie  s'agit  pas 
seulement  de  reduire  ainsi  la  masse  de  la  cellule  :  au  stade  projet,  les  dimensions 
de  1‘avion,  de  ses  systemes,  de  ses  equipements,  de  ses  moteurs,  sent  susceptibles 
de  varier  justement  en  fonetion  de  la  masse  au  decollage  et  on  peut  dire  que 
1'avion  est  encore  en  caoutchouc.  Tout  kilo  gagne  sur  la  cellule  se  traduit  par 
une  reducticn  deux  a  trois  fois  plus  grande  de  la  masse  au  decollage.  Cost  ie 
facteur  d ' ampl if ication  bien  connu  :  il  suffit  de  regarder  la  repartition  de  la 
masse  a  vide  d'un  avion  moderne  bimoteur  : 

Structure  -i 9  J 

Equipements  (hors  systeme  d '  arnte  )  1.6  % 

Sy steme  d'arme  9  % 

Propulsion  ?C  % 

A  ce  stade  un  gain  de  masse  sur  la  structure  s'il  tie  change  pas  le  systeme 
d'arme,  pernet  par  centre  de  reduire  le  d imens i onnoment  des  equipements  airtoi  que  la 
pousset-  Ju  moteur  et  par  consequent  les  masses  et  oncomb foments  correspondants .  P'eci 
conduit  a  r'-duire  a  son  tour  les  dimensions  de  la  cellule  et  entralno  un  nouveau 
gain  1-  mar.se.... 

Muir,  li'.-.  reductions  de  masses  ou  de  performances,  reagissent  il  leur  tour  sur  les  unit 
et.  matier-e  de  cellule,  la  masse  est  en  effet  un  des  fact  curs  esrent.  ie  1  s.  du  soul  ;  le 
in  mb  re  d '  ht-ure:-,  le  travail  par  kilo  do  structure  est  une  function  lien  determinee  P- 
ia  mass."  pour  une  technologic  donnee. 

lie  memo,  pour  les  moteurs,  la  pouss.ee  est  1  'un  des  princ  ipaux  paramettv-s 
du  n  -at  et  la  reduction  se  traduit  par  une  !i  mi  nut  ion  du  prix.  Enfin,  les  '-quipe- 
ments  de  la  cellule  suivent  des  lois  du  inf  me  g.-tr--  et,  fo.-.'-t  j  ■  .t,  de  Par:-  perfor¬ 
mances  car.-iet. crist  iques. 

Des  lore,  si  1 ’ on  veut  se  fixer  un  faux  d'fchange  pour  la  cellule  o'est- 
a-dire  le  prix  que  1  ’ on  consent  3  payer  pour  gagne r  un  kilo,  il  faut  au  stade  projet 
comet,  -er  a  raisonrier  rj  prix  et  performances  constants  et.  tei.ant  compte  du  facteur 
d 1  ampl  i  fi  cat  ion.  Si  ce  dernier  est  egal  a  ?  far  oxemple  1,.-  faux  d’ '-change  sera  le 
don't, le  du  prix  au  kilo  de  1'avion  equipe. 

Si  -m  se  place  pans  iti"  certaine  technologic,  on  nail  -'-tablir  le  cent  d'un  e  1  >'-mcnt. 

Je  st.ra-tf  are  et.  fonetion  de  sa  masse,  c ' est-a-di re  de  son  doss  it.  d<  tit  t.  p’-ut 
a  ■  cef,  f  r-  !<•  raf  fi  nn  merit,  jusqu'au  moment,  ou  son  cout  devient  t.r*,p  1  ov'  '-n  c  ■ -us  i  de- 
rat  i  •  t.  ia  t  a-ix  '1  ’  ecliange  (figure  5). 

Parr,  le  diagramme  masse-cout. ,  e'est  le  point  de  la  cour-be  came  *  '■  ri  st.  i  que 

h-  la  *  e  -.-lino  1  -.gie  ou  la  petite  de  la  tangente  est  egale  au  taux  d '  dohange . 

lit  si  1 '  on  change  de  technologic  -  en  particulier  p,,ur  <-n  venir  a  me 

*  '.---f.t.  .  g  i  •  ■  i.-av-lle,  on  sail  dot  ,-rmincr  une  court-e  carac-t.eri  at.  iqu<-  et  i>»  p  int  <  u 

i  ;  fa.'  se  j  Ivot  et.  tenant  compte  du  faux  d'eehange. 

if  tres  t,  i"ti  alors  se  trouver  dans  ie  car,  oil  une  t'-cnti- .  1  •  g  i  e  n.  i  u  v  ■  ■  I  .  •  • 

is.  at.  g-1  it,  ie  masse  -  ce  qui  est  la  rais-t.  pp-r.ii'  r--  P  s  t.  i<' |  - 

t-.'-iac’  i  or;  tu  -•  out.  qui  d  r.nera  qu'-lqueS  aiscs  dans,  i'luit-e;-  -onpr 

!  -  1  '-■•  -lb  i  i  :■  sett.-  t.-if.-n-t.'-r  i  st  i -pr-  massi -  u<  r  i'ine  ••■chi.  . 

*-i.e  -iv- •  it.-  :  r'--  i .-.  iot.  Stiff  iaant.e. 

1  s  i  - vari"  -  vi  lentn-ti-  av-"-  la  mat  urat  i  <  P  :  a  ;  gi* 

e  i‘  !  i  .-,  t  i  t.g-.ej-  If  i  ;;  .  *  • ,  -  J  •  • ;  -  ; 

•  •  a  1-  I’*  ■'■/.'■  ‘  r  ;  rv-r  *  a*  !  -  r.  qui  [  as.  ■  --n  i  at  ratoir-  et  ;  - -t.-iant  1  -  -  j  .  -  ■  i 

r-  ■•-,.i  i  P--  essals.  P-  rair.abi  1  i  ‘  et  P-  t-.'-r. ;  stance  sur  -P-s  ■  q  y  -  a  v  ■  t  t  ,  :■  1 

-  .VC,»  •  i;;-j-i  ‘  1  ten  a :; -en  rent,  i -is.-p-;-  -mp  1  cx'-s 


:  t.t 
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J )  Le  stade  de  1 'application  sur  un  avion  existant  ou  sur  un  prototype  ou  on 
remplace  un  element  de  l'avion  par  le  meme  element  realise  avec  la  nouvelle 
technologie.  Les  gains  de  masse  ainsi  realises  sont  modestes  d'abord  parce  que 
les  applications  sont  limitees  en  nombre  et  aussi  parce  que  le  dessin  de  l'ele- 
ment  nouveau  doit  respecter  1 ' interchangeabi lite  de  l'element  qu'il  remplace. 

ii  Le  slade  de  1 '  i lit egrat ion  ou  la  nouvelle  technologic  cut  ir.troduite  dans  le 

projet  :  1 ' architecture ,  voire  meme  sa  formule  est  alors  congue  en  forictiori  des 
possibilites  reelles  de  la  nouvelles  technologie  dont  les  limites  ont  ete  deter¬ 
miners  au  stade  precedent.  C'est  la  qu '  on  obtient  le  meilleur  rendemerit  par 
l’effet  du  faeteur  d ' ampli f icat ion . 

9  -  Encore  faut-il  avoir  ehoisi  parmi  les  technologies  en  cours  de  developpement ,  cello 
qui  a  le  meilleur  rendement  sur  tout  l'avion,  ou  sur  la  partie  d'avion  auquel  on 
veut  1'appliquer  :  on  ne  cons'ruit  pas  une  zone  chaude  avec  les  memes  precedes 
qu'une  zone  froide  et  tel  materiau  bien  adapte  a  une  structure  formant  reservoir 
de  pet  role  ne  s'emploie  pas  forcemeat  autour  du  moteur. 

Parmi  ces  d i verses  technologies,  il  en  est  une  qui  presente  des  perfor¬ 
mances  ronarquat  les  :  il  r'agit.  des  materiaux  composites  dont  l'emploie  constitue 
sans  Joute  la  plus  grande  revolution  en  matiere  de  structure  depuis  le  remplacement 
du  t>"is  et  le  a  toil,-  par  les  alliagos  d'alluminium  -  il  y  a  de  cela  un  demi-sieele. 

Les.  gain:;  qu'  n  peut  en  attendee  sont  en  effet  spectaculaires  puisque  les 
comp. site.-,  par  rapport  aux  alii  ages  <!' aluminium  des  rigidites  et  resistances 

speci  fiquos,  i\  is  sup'-r  I  cures.  Pour  imager  la  enmparaison  on  peut  dire 

qu'aye  :  ui.  irapage  .<  *.  irilse,  le  composite  Carbone-Epoxy  est  equivalent  au  dural 
avec  air-  .jensi' '•  i,rr  au  lieu  de  d,3  et,  que  le  Bore-Kpoxy  a  une  resistance  sup'- 
ri.'ure  au  m- i  i  ;.--»r  a  1  1  iage  ■)* aluminium  et  une  rigidite  superiourv  a  ceile  du  tit  a:.e 
avec  ui.e  dei.s,  au  lieu  de  4,'-  (figure  4). 

Le  pi  us. ,  l"c  tump  sites  permettent  de  l'abriquer  Ues  e  Omenta  a:,  i  :>■.  t  la  |  >■ . 

1  i  sant  ainsi  le  vieux  rPve  des  inger.i.-urs  de  placer  ia  matter  tans  le  sens  be¬ 
ef  f.  .ft  s  . 
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les.  peaux  (figures  et  6). 

•Vs  compos  it.es  ont  suivi  aux  Avion;;  Marcel  L'ASUAi'i.7  le  soli'-na  i.  1.'  ve  , :  ;  p  •.  •  :ti.  •  i ;  t 
•do. -rit  t  Id."  naut. .  Apr'-s  des,  etudes  et.  essais  on  lahnrat  •  '.)■■■  les  ptvni'  re;-.  a|  p.  i.-a- 
t.  i  •  -r.n  ont  ete  f.uites,  en  1971'-  sur  un  g-  uverna  i  1  'le  KIKAOM  111  fit  r,.  cart  - 
[  u  i  s.  on  1 0 !()  sur  un  empennage  horizontal  de  KIRAOK  !•'!  en  fibre  ;  -p,. ,  Aj  s  <  s  sa  i . 

va,  ces.  loux  elements  ont  '-te  merit -'s  sur  des  avi-ns  de  s'ri.*  ;  at  des  essais 
!■■  v  ;  e  ;  1  1  i  s.sement  dans  des.  cnrsiit  i"t:s  re",  les  d’ut  iilsat  1  n.  i.es  r-'sultats  1  '<■!  ;s 
permit;  do  lancer  op  seri'  Ls  alien  ns,  el.  carl  lie  . ;  -  a  i  s  id  sur  s 

X I  Ft  A  HE  !•'  1  i"puis.  1 V  ii .  Depuis-  cot  t.e  m>*nie  date-,  et  ies.  !•  n"  .  :>  r  i  e  ,  .■  i-  AL  4  1.  : 

'  !;'i'  par  la  p;  A  p,i  it . rp.-r.  tat.s  sa  ;•  Plni4  i  n  4  ,v:  -  des  .  s  vitaux  -  ra  - 

I  a  i--i  i  1  !■  1  eraent  t  -.vi  ns.  !•  j.'v  I'ppenerd  d.  Mil-, AIM  -  •  1  a  1  •  :  4  ■ 

' .  r.t  r*e  , 1  ■" re:. 4  s  .  :  1-  ■ rt  ■  ■  :  a L; •  I  v e  ,  A  l . ■  v u, s. ,  4  ■  ■  1  4  :  ■  '  ;  :■*  »  :  1*  4  :•  a  1 : 
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-  des  <1  i  versos  realisations  ont  perm  is  une  mi  se  au  point  des  composite;;  a  ass;  tie:, 
en  matiere  de  dessin  que  dans  le  domaine  do  la  fabricatioi.  en  aerie  et  i.eus  av 
pu  ainsi  etablir  les  bases  du  design  to  eost  c'est-a-dire  les  instruct :  le 

dessin  et  les  manuals  de  couts  sans  lesquels  on  tie  saurait  va  iableiner.t  cei.stru ' 
les  mode  les  parametriques  de  masse  et  de  cout  indispensable;;  au  stade  Uo  la  - 
eeption  d’un  programme  nouveau. 

boo  instructions  de  dessin  sent  reunies  dins  an  manual  dcnno  d '  at-  ••  : 
des  regies  generates  concernant  les  caracteristiques  des  matoriaux  utilises,  .• . 
tolerances  de  fabrication,  les  protections,  les  metallisations,  on  truuve  et.su;  ti¬ 
les  regies  de  dimensionnement  et  de  dessin  des  principaux  types  de  structure  : 
elementsmonolithiques,  caisson,  etc...  Enfin,  plusieurs  ehapitres  sent  ounsucr.'e 
aux  ferrures  d '  introduction  des  efforts  concentre.,  qui  const  i  tuent  la  pierre 
d 1 achoppement  du  dessin  des  composites. 

La  redaction  de  ces  instructions  a  constitu.'  an  gros  travail  pour  reut.ir 
et  mettre  en  forme  1  ’experience  acquise.  Mais  le  prop  re  d'uue  technologic  nouveiie 
est  d'evoluer  et  le  rnanuel  de  dessin  se  doit  de  suivre  oette  evolution  :  i  1  ••.-.t  r.is 
a  jour  une  fois  par  an  et  ce  n'est  pas  la  la  tache  la  meins  ardue. 

Le  manuel  de  cout  a  ete  construit  par  l'analyse  detaillee  des  diverse;; 
fabrications  prototype  et  sfirie  et  par  rapprochement  avec  des  technologies  voisint-s 
couramment  utilisees  comme  les  stratifies  en  fibre  de  verre,  les  caissons  metal! i- 
ques  a  coeur  nid  d'abeille  colles,  les  structures  autoraidies.  Comme  pour  les 
instructions  de  dessin  ce  manuel  doit  etre  recale  a  intervenes  rf-guliers  pour 
tenir  compte  de  1 ' accroi ssement  de  noire  experience. 

1  -  Pour  illustrer  ceci,  on  peut  prendre  I'exemple  de  l'aileron  du  PI  dont  plus  de 

.’00  ont  etc  aujourd'hui  const  ru  i  ts  (figure  7)  pour  chaque  operation  de  la  gimme  ri 
a  pu  mesurer  des  temps  de  fabrication  jusqu'au  lOOeme  avion  et  etablir  la  It i  de 
decro  i  stance  des  temps.  Mais  il  fallait  alien  plus  loin,  analyser  les  -p'-rat.  i  onr 
qui  font  le  coflt ,  etudier  les  perfect  iontiements  propres  a  le  reduire  :  modifications 
d  '  out  i  1  1  ages  ,  mecanisations,  etc...  et  en  deduire  les  couts  object  ifs  qu '  sent  ecu* 
uuxquels  on  peut  pretendre  dans  deux  a  ns  lorsque  la  serle  des  MI  HA.  IK  fiH’W  sera  er. 
regime  de  croisiere,  ou  dans  un  avenir  plus,  lointair.  pour  un  avi  s»n  nouveau. 

Cette  analyse  et.  ces  previsions  ont  d’ autre  part  permis  >le  d "  term !  nor  s 
facteurs  principaux  de  cout,  ce  qui  est  la  premiere  chose  a  fa  ire  pour  ;  ouv,  ; r 
ensuite  construire  des  modeles  parametriques. 

: -i  -  Les  prittc  ipaux  facteurs  ainsi  determines  sent  d’aberd  la  comp  lex  it*'  du  type  ie 
structure  .'t-udie,  puis  pour  oliacun  de  -es  t  yp<>r.  prix  ..ie  la  mat  pfe::.:.' 

et  le  temps  ie  drapage  des  pieces  primaire3. 

L<>  sarbone  ou  le  bore  sent  en  nffot  beaucoup  plus  ciiers  quo  1**»  alt  aux 
a  lord  que  le  kilo  d’alliage  d’  aluminium  se  situe  vers  ,'0  P  et  celui  du  t  it  aim  vers 

! 1  a  F,  le  virbone  pr*'  impr.'-gne  est  vendu  aux  ILIA  a  >•.«)$/ Jb  so  it  '00  K/kg.  11  t'aat 

tj  'iter  qu**  l**s  prix  eurepeens  sent  aujourd’hui  nett.emetit  plus  Oi.-ves  p*  ur  lilvrs*  s 
raisons,  sur  lesquelles  je  no  m ’ *'■  t eridra i  pas  et  qui  no  se  ramenent  p;..s  ttculcwnt  a. 

fail;  I**  volume  traits'  aujourd'hui  le  ce  cote  de  1  'At  I  anti  que. 

It.  doit  eopend.unt  s’ at  temiro  a  une  deduction  sensible  de  c*'s  prix  et  :. 
peut,  raiat.nnablemont  esp.'rer  disposer  en  19db  .le  eai’bene  pi-.'  i  mpregn*'  a  :  $/  lb 
s.  it  ejivir  n  ,’to  K/kg  (figure  31. 

ei  1  ’on  pr**nd  I'exemple  d'une  gouverne  a  cneur  ni  i  d'.abe  i  1  1>*  ■  t.  peut 

a  i  rs  estimor  que  la  ma'iere  premiere  represent  era  <.*i*v  i  run  If.  %  *iu  ut  1  i  tv.  1 

1'  •  •uvr--  al’i's  qu**  p  tr  ,  ne  gouverne  m-'t.a  1  1  ique  c  1  ass  i  que ,  el!.-  en  repf'-s.  . 

1  '■  -  Kn  qui  ■  i. ■■"rt.e  la  mait  >1 ' . lvre,  l'inalys.-  1  :.t  il  *•;<»  .p,.*s*  •  •  *.  ■  - 

it  it.  I  la  r-q  art  i  t  i  •  suivante  : 

da  i  s.s.  ci  .*.  mp.-s  I  le  : 

i'-a-s  prinair.-s  ■  arb ■ -n* 

1  f  at  ei  lie 
u.:  ,s.t  age  et  c.  1  1  ag. • 

P  i  -  ;  r  i  :aa  i  m*'  t  a  1  i  i  pne 

As.s.-mt-  :  age  <•<  f  j  n  i  *  j ,  n 


fare  ;  •  a  *  1  *••  rv  n  *  ag--  n<-  I  1  *  |  as. 


En  ce  qui  cone  erne  le  caisson  composite  s  n  cout  est  sensible-men  >5  :/' 
de  celui  qu’aurait  le  m§me  caisson  en  structure  metuilique  en  raison  du  n-.mbiv 
reduit  de  pieces  et  de  liaisons.  C'est  done  la  quo  se  fait  le  gain  de  main  i'  euvr--, 
c 'est  la  aussi  que  se  fait  le  gain  de  masse  :  pour  se  dormer  des  chuff res  simples, 
avec  notre  prevision  de  prix  de  rnatiere  premiere,  le  passage  aux  composites  permet 
de  gagner  de  20  a  30  %  de  la  masse  et  de  15  a  25  %  du  prix  (figure  9). 

C  -  lies  analyses  sembiables  ont  pu  etre  faites  sur  les  divers  types  de  structure  j 

sentes  ci-dessus  et  dans  les  projets  des  avions  de  combat  de  la  prochaine*  decei.nle 
que  nous  etudions  en  ce  moment  aux  Avions  Marcel  DASSAULT  1 1  architecture  ue  la 
cellule  a  ete  congue  en  fonction  des  composites  qui  constituent  35  a  !IQ  I  de  la 
masse  totale  de  la  structure  (figure  10). 

La  m£me  structure  realisee  de  fag on  elassique  avec  des  mate ri aux  metal  i.!- 
ques  aurait  pese  12  %  de  plus  et  la  masse  a  vide  de  1  'avion  aura i t  et*'  augmentec  it- 
5,5  %•  Mais  alors  pour  conserver  la  mission  de  base  et  les  performances  demandfc:: 
il  aurait  fallu  augmenter  la  surface  de  la  voilure  et  la  poussee  du  moteur.  Cent 
le  facteur  d 1 ampli f icat ion  qui  conduirait  a  une  masse  a  vide  accrue  de  11  %. 

( figure  11 ) . 

II  aurait  fallu  en  outre  augmenter  de  4  %  le  petmie  emporte,  ce  qui 
aurait  pese  de  fagon  non  negligeable  sur  le  cout  d ’ ut i lisat ion . 

Les  modeles  parametriques  de  cout  permettent  alors  de  calculer  que  dans 
ces  conditions  le  prix  de  1' avion  aurait  ete  augments  de  6  %  et  on  verifie  Lien 
ainsi  que  la  tecbriologie  des  composites  reduit  a  la  fois  la  masse  et  le  prix  dec 
avions  surtout  lorsqu'on  peut  l'introduire  des  le  stade  du  projet  dans  le  processus 
du  design  to  cost  (figure  12). 

Ceci  suppose  comme  cela  a  ete  dit  plus  haut  un  niveau  ue  maturation  de 
cette  technologie  qui  permet to  d'envisager  son  application  avec  toutes  les  chances 
de  reussite. 
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ORGANIZING  A  DESIGN- TO- COST  PROGRAM 
ROBERT  TASSINARI 


Value  Engineering  Program  Manager 
S.N.I.  Aerospatiale 
Paris,  France 


Total  cos t  control  at  all  development  and  production  stages  la  a  prerequisite  to  any  significant 
Deslgn-to-Cost  (D.T.C.)  program.  Design  to  Life  Cycle  Cost  (D.T.L.C.C.)  methods  further  require  Intimate 
knowledge  of  operational  and  maintenance  costs.  Specialists  In  this  new  cost  management  method  are  well  aware 
of  these  two  principles.  Less  obvious,  perhaps  are  the  great  advantages  to  be  derived  through  an  organization 
specifically  trained  in  the  application  of  D.T.C.  and  D.T.L.C.  principles. 

The  S.N.I.  AEROSPATIALE  Aircraft  Division  has  been  Interested  in  this  problem  since  1975,  and  to 
this  purpose  has  created  a  specialized  organization  and  devised  new  methods  for  integrating  costs  into  all 
phases  of  new  programs,  much  In  the  way  that  weights  were  calculated  Into  programs  in  the  past. 

To  keep  pace  with  this  reorganization  In  development,  emphasis  has  been  placed  on  training  person¬ 
nel  in  Value  Analysis  and  D.T.C.  methods.  Results  of  these  efforts  first  became  apparent  In  1977,  during 
development  of  the  A  200.  Today,  the  same  principles  are  being  applied  in  development  of  the  A  310. 


I  -  REASONS  FOR  APPLYING  THESE  NEW  DEVELOPMENT  METHODS 


Without  going  Into  the  entire  history  of  the  Civil  Aviation  market,  It  may  be  observed  that  In  the 
past  years,  manufacturers  have  shifted  their  priorities  from  technical  to  economical  considerations. 

More  than  ever  before,  a  manufacturer  who  wants  to  market  a  new  aircraft  must  conform  to  the  laws 
of  competition. 

Although  he  might  be  perfectly  capable  of  building  a  good  modern  aircraft,  this  is  not  enough,  as 
it  would  be  unthinkable  for  two  different  aircraft  similar  in  specifications  to  have  substantially  different 
prices.  This  means  that  there  is  little  margin  left  for  setting  the  sale  price. 

Furthermore,  airlines  are  also  faced  with  serious  economic  problems  and  are  not  Interested  only 
in  purchasing  price,  but  also  in  operational  and  maintenance  costs,  known  in  America  as  'XI FE-CYCLE-COST" , 
an  aspect  to  which  the  S.N.l.A.S.  Aircraft  Division  has  given  special  attention. 

First,  aircraft  price  is  determined  In  accordance  with  competition  levels,  and  then  operating  costs 
are  kept  In  check  so  as  not  to  compromise  or  even  nullify  the  benefits  of  the  operation. 

Competition  implies  the  embodiment  of  modern  technologies  which  involve  painstaking  development  work 
executed  by  highlyquali f led  personnel,  and  tests  that  are  constantly  growing  in  sophistication  to  improve  sa¬ 
fety  levels. 

These  factors  together  with  inflation  result  in  aircraft  development  becoming  exponentially  more 

expensive. 


The  aircraft  manufacturer  is  thus  confronted  with  many  such  problems  when  developing  a  new 

aircraf  t . 


During  the  initial  design  phas?,  technical  specifications  are  established  which  dictate  the  broad 
lines  of  the  project.  This  is  followed  by  pre-project  studies  during  which  costs  are  analysed  In  the  same  way 
as  other  criteria  such  as  weights,  performance,  reliability,  etc... 

It  would  be  wrong  to  conclude  from  this  brief  summary  of  the  groundwork  preceding  the  production 
of  a  new  aircraft,  that  there  Is  no  real  Innovation  and  that  by  simple  following  existing  state  of  the  art 
rules,  3uch  problems  would  solve  themselves.  This  is  not  the  case. 

The  goals  can  be  achieved  only  though  rigorous  application  of  the  new  management  methods,  once  per¬ 
sonnel  has  been  properly  trained  to  do  so. 

The  S.N.l.A.S.  Aircraft  Division  is  aware  of  this  and  is  already  applying  the  Deslgn-to-Cost  method 
which  seems  to  hold  great  promise  as  a  tool  for  keeping  to  program  target  costs,  while  at  the  same  time  res¬ 
pecting  the  other  criteria  to  which  a  modern  carrier  roust  comply. 

The  method  employed  Is  a  development  of  the  "Design-to-Cost"  program  management  method  adopted  by 
various  American  manufacturers,  especially  when  handling  certain  Government  contracts. 

But  what  exactly  Is  "DESIGN  TO  COST"  ? 


II  -  DESIGN-TO-COST 

In  1969,  the  competent  committees  of  the  American  Senate  and  House  of  Representatives  started  ex¬ 
pressing  their  misgivings  with  regard  to  escalation  in  the  cost  of  military  programs,  and  commissioned  the 
Defence  Department  (D.O.D.)  with  Investigating  the  reasons  for  such  budget  overshooting  and  taking  remedial 
■ct ion. 


The  Investigation  revealed  : 

6  X  of  price  overshooting  to  be  caused  by  planning  variations, 

25  %  to  be  due  to  miscellaneous  modifications  called  for  by  the  D.O.D., 

16  %  to  be  due  to  fluctuations  in  the  economic  situation, 

56  Z  to  be  ascrlbable  to  the  manufacturer,  caused  by  such  factors  as  :  modifications,  increase  in 
the  cost  of  spares,  documentation  and  training. 

Modifications  taken  as  a  whole  (D.O.D.  and  manufacturer)  accounted  for  approximately  80  Z  of  the 

overprice. 


Because  of  this  state  of  affairs,  the  D.O.D.  had  been  obliged  for  several  years  to  curtail  its  or¬ 
ders  so  as  not  to  exceed  budgetary  limits.  This  is  tantamount  to  sacrificing  quantity  for  performance,  and 
where  defence  is  concerned,  it  is  evident  that  one  cannot  exist  without  the  other.  In  fact,  for  certain  weapon 
systems,  quantity  is  the  decisive  factor. 

Such  considerations  motivated  an  entirely  new  weapon  system  procurement  policy,  and  new  management 
methods  where  such  programs  were  concerned. 

Previously,  when  issuing  Calls  for  Bids,  D.O.D.,  stipulated  many  technical  specifications  to  be  n^t 
by  manufacturers,  which  directly  resulted  in  similar  cost  levels  from  one  manufacturer  to  another,  plus  very 
expensive  modifications. 

The  new  policy,  on  the  contrary,  stipulates  only  minimum  technical  specifications,  but  does  Impose 
production  costs. 

This  gives  manufacturers  far  greater  latitude  in  their  “product"  as  long  as  it  can  fit  in  with  the 
specified  price  bracket.  Consequently,  they  must  be  more  inventive  and  apply  certain  methods  such  as  "Value 
Analysis"  to  obtain  a  more  attractive  product.  This  greatly  reduces  subsequent  modifications. 

The  new  policy  was  called  "Design- to-Cost" 

D.T.C.  was  first  employed  in  the  aerospace  field  in  1970  with  the  A. 10  project  (Fairchild  and 

Northrop) . 


Its  most  recent  application  is  in  the  YC  14  and  YC  15  military  STOL  carrier  program,  in  which  deve¬ 
lopment  and  building  of  two  prototypes  was  initiated  jointly  by  BOEING  and  DOUGLAS. 

The  sole  conditions  stipulated  for  this  program  were  : 

1  -  Unit  price  computed  for  a  batch  of  300  aircraft  ; 

2  -  Pressurized  cockpit  ; 

3  -  Bay  volume. 

HI  -  THE  S.N.I.A.S.  "DESIGN-TO-COST"  METHOD 

This  method,  employed  by  the  Helicopter  Division  has  given  excellent  results  with  the  DAUPHIN, 

SA  360  and  ECUREUIL  SA  350  helicopters.  The  method  was  also  employed  by  SOCATA  in  design  an  production  of  the 
TB  10.  But  since  1976  It  has  perfected  on  the  basis  of  what  was  learned  during  study  missions  to  certain  Ame¬ 
rican  firms  and  courses  in  Des ign- to-Cost  taken  at  George  Washington  University. 

1  -  Basic  principles 

-  Training  personnel  to  Design-to-Cost  methods  and  "Value  Analysis". 

-  One  single  Program  Manager  in  charge  (performance,  costs,  deadlines). 

-  Evaluation  of  program  financial  factors,  especially  Life  Cycle  Cost  and  the  production  cost  to  be  adopted 
as  "Aircraft  Target  Estimate". 

-  Breakdown  of  work  into  individual  jobs  and  determining  their  purpose  and  costs  (in  constant  Indexed  Francs 
with  reference  to  TOP  program). 

-  Organization  of  operational  DEVELOPMENT/ PRODUCT I ON  teams  for  job  analysis. 


Example  : 

:  Level  1 

Cost  of  program. 

2 

aircraf t-Aircraf t  Target  Estimate. 

3 

structure  ans  systems. 

4 

assemblies  (e.g.  fuselage  sections) 

5 

subassemblies. 

-  Choice  between  alternative  conceptions  to  obtain  best  cost -perf ormance  ratio. 

-  Organizing  production  for  cost  verification  and  check  against  Target  cost. 

Without  going  into  the  above  paragraphs  in  detail,  it  is  stressed  that  many  advantages  are  to  be 
obtained  through  this  new  method  of  organizing  individual  operational  teams  at  development  phase. 

Each  team  Is  made  up  of  development  and  production  engineers,  procurement  and  quality  control  ex¬ 
perts,  management  and  estimate  engineers  and  administrative  executives. 


Each  member  remains  attached  to  his  original  department  and  each  team  is  able  to  draw  upon  the  expe¬ 
rience  and  work  of  that  department.  Conversely,  the  department  benefits  by  the  analyses  and  conclusions  of  the 


With  one  man  in  charge,  each  team  analyses  given  jobs,  each  having  its  own  target  cost,  while  team 
members  are  Interchanged  as  the  development  program  advances. 

Conditional  to  proper  application  of  the  D.T.C.  method  is  the  training  of  personnel,  which  takes  the 
form  of  one  seminar  per  month  dispensed  to  25  persons  representing  the  departments  Involved  in  the  program. 

Since  1976,  400  persons  have  taken  part  in  these  seminars. 

2  -  Development  stages 

Any  new  project  involves  several  phases,  the  first  usually  being  determinant,  as  it  is  at  this  point 
that  technical  objectives  and  realistic  costs  must  be  established,  analysing  the  functions  and  costs  of  previous 
productions  to  identify  factors  subjet  to  overcost. 

-  Functions  are  then  analysed  at  all  phases,  from  assemblies  to  major  components. 

-  Different  solutions  are  then  compared  for  each  function  and  the  cost  of  each  is  analysed  in  accordance  with 
available  production  facilities. 

Such  evaluation  involves  the  use  of  such  factors  as  : 

-  statistical  data  bank  for  production  times, 

-  parametrical  studies  of  structure  and  system  costs,  etc. 

-  Selecting  the  best  compromise  in  each  case  between  performance,  production  costs  and  maintenance. 

-  Making  a  final  breakdown  of  the  target  estimate  while  incorporating  optimum  production  distribution. 

Maintenance  is  treated  in  a  separate  study  to  arrive  at  the  Life  Cycle  Cost  concept. 

To  do  this,  it  is  necessary  to  collate  the  following  data  from  the  airlines  : 

-  type  of  maintenance  planned, 

-  rate  of  unwarranted  equipment  removal, 

-  percentage  of  equipment  returned  to  supplier, 

-  method  of  computation  employed  for  Direct  Operating  Cost  (D.O.C.)  T.B.O.  Mean  Time  Between  Over¬ 
hauls  (M.T.B.O.)  -  Mean  Time  Between  Failure  (M.T.B.F.)  and  Mean  Time  Between  Removal  (M.T.B.R.) 

-  policy  of  structural  and  equipment  spares,  etc. 

Life  Cycle  Cost  demands  close  collaboration  between  airline  and  manufacturer,  especially  for  est- 
tabl ishlng  maintenance  cost  models  which  serve  as  a  basis  for  selecting  equipment  and  locating  it  within  the 
structure . 

The  second  phase  of  the  project  consists  In  distributing  development  execution  among  different  De¬ 
velopment  /Product ion  teams.  Each  team  sees  to  its  own  portion  of  the  aircraft  while  h.irraonlz ing  action  to  the 
general  lines  of  the  project. 

This  Includes  : 

-  Establishing  technical  procedures  covering  the  selected  principles  and  interface  specifications  as  well  as 
specifications  covering  equipment. 

-  Subdividing  production  into  the  shorted  possible  cycles  giving  the  best  overall  cost,  together  with  the 
corresponding  schedule. 

Figure  1 

Determining  the  target  cost  of  each  job  fraction  in  accordance  with  ’Aircraft  Target  Tost  Estimate'. 

Figure  2 

The  third  phase  Involves  the  preparation  of  production  blueprints  by  each  operational  team  1»  accor¬ 
dance  with  the  schedule  planned  at  phase  2. 

F.ach  unit  conception  which  is  arrived  at  through  addition  of  its  component  Jobs  Is  represented  by  a 
cost  evaluation  compared  to  target  cost. 

this  evaluation  takes  into  account  such  parameters  as  : 

-  cost  manual, 

-  quick  cost  lists, 

-  semi-equipment  file, 

-  statistics  on  production  times. 

Figure  3 

tf  necessary,  design  Is  reconsidered  to  comply  with  targets. 

Figure  4 

All  costr  are  entered  and  followed  on  a  general  file.  Tooling  and  produ.  t ion  methods  are  established 
s Irau 1 taneous ly. 

Figure  5 

The  first  units  are  then  built  In  the  workshop  to  verify  that  they  comply  with  targets. 

CONCLUSION 

Upon  first  glance,  it  might  appear  that  there  is  nothing  very  new  In  the  Dcs Jgn-t o-Cost  method,  an 
manufacturers  have  always  been  faced  with  sale  price  and  cost  price  problems. 


But  In  fact,  it  does  offer  new  solutions  to  old  problems. 


r 
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In  the  field  of  Aeronautics,  this  is  the  first  time  that  a  method  has  been  employed  for  cost  mana¬ 
gement  in  the  way  traditionally  reserved  for  weight  computation. 

Aside  from  the  analytic  aspect  and  the  systematic  search  for  Individual  costs  at  each  stage  of  the 
project,  it  favors  improved  collaboration  among  the  different  departments  working  on  the  program. 

It  furthermore  results  in  Value  Analysis  studies  right  from  project  stage,  which  Is  an  added  garan- 
tee  that  the  right  solutions  will  be  chosen. 

Moreover,  the  need  to  consider  operational  and  maintenance  costs  deters  the  manufacturer  from  his 
tendency  to  weigh  his  own  immediate  advantage  only,  overlooking  that  of  the  operator,  although,  to  be  sure 
the  establishment  of  any  valid  Life  Cycle  Cost  requires  very  close  collaboration  with  the  airline. 

Figure  6  -  Figure  7  ~  Figure  8 

The  new  A  200  aircraft  ha9  been  developed  by  applying  D.T.C.,  and  results  are  remarkable. 

Several  examples  of  Value  Analysis  studies  concerning  structural  components  of  this  aircraft  have 
been  appended.  Figure  9  -  Figure  10. 

AIRBUS  B  10  studies  (A  310  studies  have  employed  the  same  principles  from  the  outset  and  it  has  been 
seen  that  they  ensure  optimization  of  the  various  parameters  that  a  new  aircraft  should  embody  to  be 
competitive. 
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SUMMARY 

The  introduction  of  gas  turbine  powered  aircraft  into  airline  service 
demonstrated  that  methods  used  to  estimate  in-service  direct  operating 
costs  for  piston  engine  powered  aircraft  were  no  longer  valid.  In 
addition,  changes  in  product  reliability  and  maintainability  produced 
support  cost  patterns  that  were  much  different  than  had  been  pre¬ 
viously  experienced. 

As  a  means  of  assisting  the  airlines  to  estimate  relative  direct  oper¬ 
ating  costs  for  new  gas  turbine  powered  airplanes,  a  fairly  simple 
methodology  was  developed  by  the  Air  Transport  Association  of  America. 
However,  the  value  of  this  methodology  for  estimating  these  costs  for 
transport  aircraft  that  were  still  at  the  design  stage  became  increas¬ 
ingly  suspect  as  changing  technology  necessitated  its  frequent  up¬ 
dating  with  new  coefficients  to  reflect  current  airline  experience. 

It  thus  became  necessary  to  develop  a  means  of  estimating  aircraft 
direct  operating  costs  for  comparative  purposes  that  was  able  to  re¬ 
cognize  and  include  the  potential  benefits  that  could  be  gained  from 
new  technology  and  design  innovation  when  applied  to  commercial  '.rans- 
port  aircraft. 

The  work  performed  on  this  subject  by  American  Airlines  under  NASA 
contract,  with  the  Boeing  Company  and  Pratt  s,  Whitney  as  sub-contrac¬ 
tors,  is  reviewed.  The  validity  of  the  developed  new  methods  and  how 
they  can  be  used  in  the  evaluation  of  new  aircraft  for  an  airline's 
fleet  is  also  demonstrated. 


INTRODUCTION 

The  first  universally  recognized  method  for  estimating  commercial  aircraft  direct  oper¬ 
ating  costs  was  published  by  the  Air  Transport  Association  of  America  in  1944.  This 
methodology,  developed  from  a  paper  (1)*  published  earlier  in  1940,  was  based  on  statis¬ 
tical  data  obtained  .  rom  airline  operation  of  DC3  airplanes.  Extrapolation  to  encompass 
the  direct  operating  costs  of  larger  piston  engined  aircraft  and  frequent  revision 
(1949,  1955,  1960,  and  1967)  to  recognize  the  rising  costs  of  airplanes,  labor, 
material,  and  fuel  (sound  familiar?),  plus  the  introduction  of,  and  experience  gained 
from,  turbo-prop  and  turbo-jet  transports  enabled  a  somewhat  after-the-fact  awareness  of 
direct  operating  costs  that  could  be  envisaged  for  a  particular  type  of  aircraft  in 
airline  serv  ice . 

A  standard  method  for  estimating  airline  indirect  operating  expenses  was  proposed  by 
Boeing  and  Lockheed  in  1964  for  the  Supersonic  Transport  and  updated  versions  were 
introduced  by  Lockheed  in  1966  (?)  and  1970  (i)  but  never  gained  widespread  recognition. 
Like  .cs  ATA  brother,  it  too,  began  requiring  revision  to  reflect  the  effects  of  infla¬ 
tion  and  changing  technology. 

U.  S.  airline  dissatisfaction  with  the  outdated  ATA  methodoloqy  (the  ATA  method  was  not 
sensitive  to  things  that  generated  cost,  e.g.,  gas  path  temperatures,  and  was  overly 
sensitive  to  things  that  did  not  necessarily  have  a  major  cost  impact,  e.g.,  thrust) 
caused  NASA  to  fund  two  study  programs  to  develop  new  met hodol og  i  ps  that  would,  in  the 
commercial  airline  environment,  provide  valid  operating  cost  comparisons  between  current 
and  future  technology  for: 

1)  Propulsion  systems 

2)  Airframe  systems  and  Aircraft  related  direct  operating  costs. 

American  Airlines  was  fortunate  in  being  the  prime  contractor  for  both  NASA  study  pro¬ 
gram:  with  Prate  h  Whitney  as  a  subcontractor  on  Item  1  and  the  Boeing  Company  as 
sub-contractor  on  Items  1  and  2. 
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It  is  worthwhile  stressing  at  this  point  that  the  operating  costs  generated  by  'he  new 
methodologies  are  for  comparative  purposes  only  and  cannot  be  considered  in  absolute 
terms.  Wide  variations  between  airlines  in  management  phTIosophy,  accounting  practices, 
aircraft  utilization,  etc.,  prevent  the  model  from  being  truly  representative  of  a  spe¬ 
cific  airline.  However,  by  periodic  analysis  of  its  own  historical  data,  each  airline 
can  determine  for  itself  the  relative  importance  of  each  cost  factor  and  modify  the 
basic  models  accordingly. 

Inputs  to  the  study  programs  are  illustrated  in  Figure  1.  The  objectives  of  the  work 
were  to  obtain  a  better  understanding  of  airline  operating  costs  and,  by  analysis, 
develop  a  more  complete  and  detailed  aircraft  related  operating  cost  model.  The  data 
base  consisted  of  1960  through  1972  airline  experience  for  the  propulsion  study  and  1974 
and  1975  airline  experience  for  the  airframe  study.  However,  data  from  as  far  back  as 
1958  was  available  on  specific  subjects,  although  on  occasion,  detail  was  less  concise. 
The  results  of  these  studies  were  released  in  1974  (4)  and  1978  (5). 


DISCUSSION 

Individual  costs  were  examined  and  their  relative  importance  for  a  typical  aircraft 
(DC10-10)  in  1980  are  shown  in  Figure  2.  These  include  airframe  and  propulsion  system 
maintenance,  flight  crew,  spares  investment,  flight  attendants,  aircraft  service,  land¬ 
ing  fees,  insurance,  depreciation,  and  fuel  elements.  For  comparison  with  the  standaru 
ATA  model,  the  costs  studied  here,  included  all  of  the  ATA  system  costs,  plus  flight 
attendants,  aircraft  service,  landing  fees,  and  control  fees.  However,  most  of  the 
effort  was  concentrated  in  looking  at  the  detailed  maintenance  cost  breakdown  for  each 
engine  module  and  airframe  system. 


MAINTENANCE  COSTS 

The  ATA  model  breaks  maintenance  system  cost  only  into  labor  and  material  costs  (Figure 
2)  for  the  entire  airframe  and  the  entire  engine  (plus  an  allowance  for  overhead  burden 
which  includes  supervision  and  inspection  costs).  Like  other  cost  estimating  relation¬ 
ships  in  the  ATA  model  (Table  I),  airframe  maintenance  cost  is  expressed  essentiall  ••  as 
a  function  of  airframe  weight,  first  cost  and  labor.  In  contrast,  the  present,  models 
(Tables  II,  IIA  <>  1 1 1  )  compute  comparative  labor  and  and  material  maintenance  costs  for 
each  engine  module  and  airframe  system  as  a  function  of  the  design  characteristics  of 
the  system.  In  addition,  by  using  the  present  model,  the  relative  importance  of  the 
various  engine  module  and  airframe  system  maintenance  costs  can  be  determined  it  certain 
design  specifications  of  the  study  aircraft  and/or  engine  are  known. 

Again,  it  should  be  stressed  that  these  methodologies  are  only  valuable  for  determining 
comparative  operating  costs  for  aircraft  and  propulsion  systems.  Although  the  result  of 
exercising  these  methodologies  demonstrates  excellent  sensitivity  to  technological 
changes,  they  are  insensitive  to  the  wide  variations  found  between  airlines  in  manage¬ 
ment  attitudes  and  philosophy,  operations,  maintenance,  and  accounting  practices,  etc. 

The  propulsion  study  confirmed  almost  without  exception,  and  without  regard  to  military 
heritage,  that  each  new  engine  design  introduced  into  airline  service  developed  a  basic 
expense  pattern  similar  to  that  exhibited  in  Figure  1. 

In  the  first  years  of  ownership,  maintenance  costs  were  relatively  low  because  of 
newness  and  design  changes  made  prior  to  production  to  preclude  early  failure  modes 
highlighted  in  the  engine  development  program.  However,  a  peak  cost  level  occurred  in 
the  2nd  and  Ird  years  of  ownership  after  which,  as  a  result  of  other  design  correct  ive 
action  programs  and  change  in  maintenance  techniques,  costs  steadily  declined  un  t  ll  a 
mature  level  was  reached  about  7  years  after  in t rod uc t  ion .  These  mature  costs  occurred 
at  a  magnitude  less  than  half  that  of  the  peak  cost  and  are  even  lower  ( in  terms  of 
constant  year  dollars)  than  the  costs  encountered  when  the  engines  were  new.  llerivut  i  ve 
and  follow-on  models  of  the  engines  benef  it  t  rom  this  experience  and  follow  the  same 
general  trend  of  low  initial  cost  to  peak  several  years  later  at  or  close  to  the  mature 
cost  of  the  early  engine  models. 

The  study  also  revealed  the  major  cost  determinant  for  gas  turbine  engines,  regarll'  ss 
of  technology  level,  was  gas  path  temperature  and  its  el  feet,  in  particular,  on  the  hot 
section  of  the  engine.  It  is  this  section  of  the  engine,  expensive  in  material  rusts  by 
the  use  of  metals  capable  of  withstanding  the  excessive  tein|>erat.iires  found  therein,  that 
provides  the  major  impetus  to  engine  reliability,  1  i  I  e ,  and  operating  expsisr. 

A  classic  example  of  the  influence  of  engine  hot  section  gas  temperature  on  the  di.i  n- 
but.ion  of  engine  maintenance  material  costs  by  engine  module  is  provided  in  Figure  4. 
An  early  technology,  low  by-puss,  low  combustor  temjx^rature  engine  is  compared  to  a  more 
f ue 1 -ef  1  1 c i on t ,  high  by-pass,  high  combustor  temperature  and  more  advanced  technology 
engine.  Not  only  are  the  cost  levels  higher  for  111*'  more  advanced  technology  engine, 
but  a  hi,  no  r  portion  of  the  exjiense  is  in  the  hot  section  of  the  engine. 

It  is  t  fa  *rr!oto  run'*-;  ".ary  to  ensure  changes  in  engine  design  and  technology  that  nay  It*' 
introduce,!  during  these  ttyin  |  days  of  rapidly  inetoa.mg  1  no  1  prices  to  irduro  specific 
fuel  onsjmption  do  not  have  an  adverse  effort  on  engine  tra  1  n  t  "nance  costs.  The  use  I 


exotic  materials  to  permit  increases  in  gas  path  temperatures  may  also  result  in  main¬ 
tenance  material  expenditures  in  excess  of  the  fuel  savings  derived  from  an  improvement 
in  specific  fuel  consumption  (SFC). 


Figure  5  highlights  how  improved  packaging  of  the  engine  in  its  nacelle  can  also  improve 
maintenance  costs.  Again,  improvements  sought  here  must  be  weighed  against  the  nacelle 
design  and  requirements  that  could  lead  to  an  increase  in  drag  and,  hence,  fuel 
burn . 

An  example  of  the  data  correlations  made  for  each  of  the  26  airframe  systems  is  given  in 
Figure  6  for  the  landing  gear  system.  Labor  and  material  cost  per  trip  (2.6  hour  aver¬ 
age  flight  length)  is  given  for  the  entire  domestic  fleet.  Good  correlation  between 
cost  and  maximum  taxi  weight  is  obtained  both  for  the  entire  landing  gear  system  (gear, 
tires,  and  brakes)  and  also  for  only  the  gear  and  tires.  In  addition  to  maximum  taxi 
weight,  other  correlation  parameters  were  tried  (e.g.,  number  of  wheels,  landing  energy 
and  approach  speed)  and  correlation  of  these  with  cost  met  with  varying  degrees  of  suc¬ 
cess.  Since  good  correlation  was  obtained  with  this  simple  weight  parameter,  it  was 
selected  for  use  in  the  final  cost  model.  The  equations  developed  from  such  correla¬ 
tions  for  each  of  the  propulsion  and  airframe  systems  and  summarized  in  Tables  II  ,  I1A, 
III,  and  V  provide  representative  trip  costs.  Tables  VI  and  VII  show  how  many  individ¬ 
ual  aircraft  and  propulsion  systems  specifications  must  be  known  in  order  to  use  these 
maintenance  cost  relationships  as  compared  with  those  of  the  ATA  model.  Correlating 
parameters  used  are  based  on  the  known  physical  characteristics  of  the  airplane  whenever 
poss ib le . 

The  data  showing  the  relative  importance  of  various  airframe  costs  for  different, 
aircraft  (Figure  7)  indicate  that  landing  gear  is  the  single  most  important  airframe 
maintenance  cost  for  the  first  generation  jets  such  as  the  Hoeing  70  7  and  the  Hoeing 
727.  This  cost,  although  substantially  higher  than  for  first  generation  jets,  was 
reduced  to  being  the  fourth  most  important  cost  on  second  generation  wine  body  jets  such 
as  the  Boeing  747  and  DC10.  This  is  probably  because  of  improved  tire  and  broke 
technology  and  also  better  airline  maintenance  techniques  (Figures  B  t,  7).  Major 
improvements  in  maintenance  costs  come  from  the  very  dramatic  increase  in  the  time 
interval  between  major  inspections  as  airlines  ar.d  regulatory  agencies  gain  iddition.il 
confidence  in  specific  aircraft  and  as  airlines  develop  improved  repair  methods  over  , 
long  period  of  time.  Nevertheless,  inspections  and  miscellaneous  costs  remain  very  high 
for  the  original  narrow  body  jets  (as  they  also  do  lor  the  newei  wi  •-  i,o  I  y  jir.g.ift  >  . 
Hquipment  and  furnishings  are  also  a  leading  airframe  maintenance  cost  item,  us  is  the 

auxiliary  power  unit  (which  was  not  used  on  some  ot  the  first  ger.er.it  ion  jet  if.  Tt. . 

four  systems,  together  with  the  navigation  system,  generally  acc  >unt  f  u  over  e)  ■  >t  the 
total  airframe  maintenance  cost  (  Figure  7).  The  high  cost  >t  the  aux  ilia*  .  p  .wet  unit 
(together  with  reliability  problems  sometimes  associated  with  this  iq  ir  rent)  ■  >!•■• 
leads  airlines  to  urge  designers  to  consider  this  unit  c;  an  if'et  .-u  i  ,i"  wt.,c.  .!.  j ‘ 
ideally  meet  the  performance  and  reliability  stand.ir  is  demon  hm  of  ii..  i i  •  mi  i  me  . 

dust  as  an  airplane  manufacturer  experiences  a  product  to*,  cost  |e.,i  u  1 1.  i  ••  it  ve  e  r.ot  e 
and  more  copies  of  a  new  airplane  are  fabricated,  an  airline  exjiei  iet.ee>-  •i.iiot.  n.m.-e 
cost  1>  lining  curve  when  introducing  a  new  technology  aircraft.  To  a  fat  e  .  xt.-nt  ,  tl. 
is  a  result  of  Learning  how  to  do  many  individual  tasks  tiotter,  quicker,  and  tr.cietoie 
cheaper.  These  trends  are  illustrated  in  Figures  10  and  >1  over  •  yn  year  j»-r  lod  since 
the  introduction  of  the  Hoeing  707.  As  with  the  .IT  f  engine,  when  tin-  Hoeing  ’U  ’  was 
first  introduced  this  aircraft  represented  a  radical  change  in  technology  level.  fu  the 
f  irst  year  or  two  of  ownership,  maintenance  costs  were  relatively  low  because  of  tic 
airplane's  newness.  However,  a  [leak  cost  level  occurred  in  the  tti  i  r  i  year  of  ownership 
(707-12)  data) ,  after  which  costs  steadily  declined  until  a  mature  level  was  finally 
readied  about  12  years  after  introduction.  These  mature  costs  also  occurred  jt  a  magni¬ 
tude  less  than  half  that  of  the  peak  cost  and  again  are  lower,  in  terms  ot  constant  year 
dollars,  than  the  cost  encountered  when  the  airplane  was  new.  Derivative  aircraft,  such 
as  the  Boeing  707-  12  3H  benefited  from  this  experience.  Tfi  i  s  aircraft.,  introduced  into 
American  Airlines  8  years  later,  shows  the  same  general  trend  of  low  initial  cost  to 
peak  several  years  later  and  finally,  a  mature  cost  at  about  the  same  level  as  that  of 
the  original  high  time  :)707-12  )U  fleet.  Other  data  for  the  B7  2  7  ,  1)7  4  7  ,  and  In'  10  indi¬ 

cate  that  these  latter  aircraft  exper.ence  airframe  maintenance  trends  similar  to  tliat 
of  derivative  F3707  aircraft  but  without  a  peak.  This  is  not  surprising  since  ait  flame 
technology  did  not  greatly  change  witti  the  introduction  of  the  wide-body  .nrointt  , 
whereas  their  engines,  each  being  an  example  of  improving  technology,  followed  a  pat  fern 
similar  to  that  of  the  original  .IT)  engine  (Figure  f). 

Designers  of  new  technology  aircraft  (e.g.,  comjxasite  primary  structure  and  lamina  t  low 
control),  must  guard  against  the  jjoss  it.  i  I  i  ty  of  high  introductory  and  ongoing  airplane 
maintenance  costs  by  techniques  such  as  "design  tor  ma l n t enonce "  or  some  other  cost  ml 
measure  which  ensures  low  cost  maintenance  reliability  of  the  new  technology.  figure.; 
),  10,  and  11  also  illustrate  w:  y  airlines  become  apprehensive  when  researchers  talk  d 
introducing  radically  ne-w  technology  airplanes  and/or  engines. 

Figure  12  compares  the  present  cost  mode1!  (See  ha  t  a  points)  predict  i.  ns  for  airframe 
maintenance  with  the  actual  costs  for  various  aircraft  in  ISIS.  Reasonable  ag  r -i.eituui  t 
was  obtained  across  a  broad  grouping  >f  transport.  Similar  correlation  was  obtain.  t  for 
the  propulsion  system  costs.  Maintenance  cost  results  for  the  present  airframe  and 
propulsion  system  models  are  compared  w  i  t  h  the  ATA  Model  (adjusted  foi  inf  fat  ion)  in 
Figures  1)  f.  14.  In  the  case  of  tun  airframe  system  model,  the  or  lginol  1  <*».  ?  form  is, 
of  cour  e,  inadequate  and  considerably  overstates  maintenance  costs. 
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OTHER  AIRPLANE  RELATED  OPERATING  COSTS 


In  addition  to  airframe  and  propulsion  system  maintenance  costs,  other  costs  affecting 
airline  operation  were  reviewed.  One  example  is  Flight  Crew  pay.  Flight  Crew  pay 
increases  with  increasing  flight  length  and  maximum  takeoff  gross  weight  (Figure  IS) 
because  these  two  parameters  are  generally  defined  in  U.  S.  union  contracts  as  the  prime 
determinants  of  a  pilot's  pay.  Because  of  this  weight  -  pay  relationship,  the  highest 
Flight  Crew  pay  in  the  American  Airlines'  system  was  obtained  by  pilot's  flying  high 
gross  weight  freighter  or  passenger  aircraft,  rather  than  those  flying  the  lighter 
weight  freighter  and  passenger  aircraft.  Technology  whi.h  reduces  maximum  aircraft 
weight  while  accomplishing  the  same  mission  (example  -  composite  materials)  provides 
some  hope  of  reducing  both  fuel  burn  and  Flight  Crew  costs,  provided  that  this  basic 
rule  of  pay  determination  is  not  altered  in  future  union  contracts. 

Improved  flight  control  technology,  cockpit  automation,  advanced  displays,  etc.  and 
corresponding  improvements  in  Air  Traffic  Control  technology  that  accommodates  the 
advances  in  airplane  technology  may,  by  a  substantial  reduction  in  cockpit  workload, 
eventually  eliminate  the  need  for  the  third  crew  member,  permitting  a  further  reduction 
in  Flight  Crew  costs. 

Although  Flight  Attendant  costs  are  currently  considered  part  of  an  airline's  indirect 
operating  cost  in  the  CAB  system  of  accounts.  Federal  Regulations  require  flight 
attendants  on  most  passenger  carrying  aircraft  on  the  basis  of  seating  capacity. 

As  a  result  of  the  liberalization  of  flight  attendants  employment  requirements,  the 
average  tenure  of  flight  attendants  in  the  industry  has  progressively  increased.  This 
increase  in  seniority  of  service,  plus  lucrative  union  negotiated  contract  settlements 
makes  this  item  of  expense  of  more  significance  than  in  the  past. 

The  basic  premise  on  the  need  for  flight  attendants  is  passenger  safety.  Programs  that 
are  directed  toward  improving  aircraft  safety  and  facilitating  the  egress  of  passengers 
(including  the  hand  icapped )  from  an  airplane  in  the  event  of  an  accident,  could  assist 
airlines  and  regulatory  agencies  in  reducing  the  minimum  required  complement  of  atten¬ 
dants  on  each  flight.  In  addition,  improvements  in  passenger  service  items  that  are 
directed  toward  reducing  the  workload  of  flight  attendants  (microwave  ovens,  automated 
bar  service,  etc.)  could  also  have  a  similar  beneficial  effect. 

Figure  16  expresses  the  average  flight  attendant  crew  complement  direct  pay  as  a 
function  of  the  number  of  aircraft  seats  and  flight  length.  This  display  also  takes 
into  consideration  the  effect  of  variable  "manning"  techniques  designed  to  recognize 
variations  in  load  factors  on  specific  flights,  degree  of  passenger  service  provided, 
and  the  regulated  minimum  complement,  regardless  of  passenger  load. 

The  introduction  of  a  new  aircraft  can  cause  a  significant  "spares"  startup  expense.  In 
the  example  given  in  Figure  17  American  Airlines'  investment  in  airframe  and  engine 
spares  as  a  ratio  of  its  total  investment  in  airframe  and  engines  is  initially  very  iiigh 
because  the  airline  has  only  a  few  copies  of  the  model  in  its  fleet  and  has  overstocked 
many  parts  at  advantageous  prices  as  a  precaut ionary  measure.  The  relatively  rapid 
fleet  buildup  which  normally  occurs  after  delivery  of  the  initial  aircraft  dramatically 
reduces  this  cost  ratio  in  the  first  two  years  of  the  fleet's  life.  A  much  smaller  cost 
ratio  reduction  then  occurs  in  latter  years  as  the  airline  uses  up  its  excess  parts 
inventory  and  better  manages  the  product  and  purchase  of  replacement  parts,  concentrat¬ 
ing  on  those  parts  which  have  demonstrated  a  high  likelihood  of  early  failure.  Intro¬ 
duction  of  a  mature  aircraft  to  an  airline  fleet  usually  results  in  a  lower  introductory 
cost  than  is  shown  here  since  the  airline  is  able  to  benefit  from  the  startup  ex|ierience 
of  other  airlines. 

To  prorate  certain  fixed  costs  such  as  depreciation  and  spares,  it  is  also  necessary  to 
estimate  aircraft  utilization.  Therefore,  variations  in  the  use  ol  individual  airplanes 
were  reviewed.  This  work  indicated  the  main  factors  affecting  aircraft  utilization  were 
individual  airline  route  structure  and  the  degree  of  passenger  demand.  Using  this  and 
other  trip  information,  trips  made  per  unit  of  time  were  analyzed.  Figures  1H  anti  14 
show  how  the  number  of  trips  vary  as  a  function  of  stage  length  and  flight  length 
respectively.  Data  correlations  were  obtained  from  this  information  and  were  used  in 
calculating  costs  which  are  dependent  on  aircraft  utilization. 


AIRCRAfT  RELATED  OPERATING  COST  MODELING 

Table  VIII  and  Figure  JO  display  the  results  obtained  by  exercising  the  model  given  m 
Table  V  foi  two  hypothetical  170  passenger  airplanes  over  a  representative  stage  length 
of  1609KM  (1000  statue  miles). 


In  this  instance,  tuel  expenditures  play  a  major  role  in  the  cost  jmo  seat  departure  lor 
the  advanced  technology  airplane  being  34.12  less  than  the  current  technology  ..etivative 
airplane.  "’his  lifteronce  would  continue  to  expand  as  fuel  price  increases  (x'cuttod. 


This  is  a  sign i f l can  t 
offset  even  by  mafor 
maintenance  cost ,  etc 


factor  (over  10k  improvement)  which  would 
red  no  1 1 on  s  in  other  cost  factors  I  i . e , 

.  )  for  the  current  technology  airplane. 


r>e  almost  impossible  |n 
iwne  r  s  !i  1  p  ,  t  )  l  i  h  t  or  .■  w  ( 


To  add  further  impact  to  the  developed  numbers,  the  advanced  technology  airplane,  on  the 
basis  of  1000  departures  per  airplane  per  year  over  a  1609  KM  stage  length,  has  the 
potential  of  reducing  annual  aircraft  related  operating  expenditures  by  $700,400  per 
a i rplane . 

Because  the  developed  costs  project  such  an  air  of  realism,  it  is  again  essential  to 
remind  the  reader  that  the  methodology  is  for  comparative  purposes  only  and  should  not 
be  considered  as  absolute. 


CONCLUSION 

A  detailed  study  of  airframe  and  propulsion  system  maintenance  cost  has  been  made  which 
permits  a  better  understanding  of  the  factors  that  cause  these  costs.  High  airframe  and 
engine  maintenance  cost  areas  were  identified  for  various  aircraft  and  engine  types. 

The  data  and  techniques  described  here  and  in  the  NASA  Reports  should  prove  useful  to 
airlines  and  manufacturers  who  are  interested  in  analyzing  and  controlling  their  main¬ 
tenance  costs. 

A  new  approach  to  airline  operating  cost  modeling  was  developed  and  exercised.  This 
approach  may  also  be  useful  to  those  interested  in  estimating  comparative  airline 
operating  costs  of  both  existing  and  advanced  technology  aircraft. 

The  work  described  here  could  serve  as  a  first  effort  towards  determining  many  of  the 
underlying  factors  which  impact  airline  operating  costs  and,  by  analysis  of  its  own 
historical  data,  each  airline  can  determine  for  itself  the  relative  im|>ortance  of  these 
cost  factors  and  modify  the  basic  modeLs  accordingly. 
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FIG.  1  COST  MODEL  EVOLUTION 


FIG  2  DISTRIBUTION  OF  DCtO  AIRPLANE  RELATED  DIRECT  OPERATING  COST 
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FIG.  3  TOTAL  MAINTENANCE  COST  PER  ENGINE  FLIGHT  HOUR  VS.  TIME 
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FIG  4  RELATIVE  CONTRIBUTION  OF  ENGINE  MODULE  SECTION 
TO  TOTAL  MAINTENANCE  MATERIAL  COSTS 
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Figure  5  Ftaverplanfc  Maintenance  Cost  Breakdown 
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MAINTENANCE 
COST  PER 
DESIGN  SEAT 
FLIGHT  HOUR 

1976  $  3h 


NOTE  FULLY  ALLOCATED  LABOR 

AMERICAN  AIRLINES  CAB  FORM  41  DATA 


-  707-123 

.  707-323C  FREIGHTER 

-  707-323C  PASSENGER 

-  707-323B  PASSENGER 


-J _ L _ I _ L 


1965  1970 

CALENDAR  YEAR 


-I - 1 _ I - 1 _ L  1  _1 


FIG  10  AIRFRAME  MAINTENANCE  COST  HISTORICAL  TRENDS -MODEL  707  AIRCRAFT 


NOTE-  AMERICAN  AIRLINES  CAB  FORM  41  DATA 


FIG.  1  1  AIRFRAME  MAINTENANCE  COST  HISTORICAL  TRENDS  -  727,  747  a  DC-10  AIRCRAFT 
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Figure  ]  Pr  Fleet  Average  Trips  Per  Day 


_J _ L_ 

1000  2000 

J _ I _ 

500  1000 

Sttgc  length 


Figure  19 -Fleet  Average  Trips  Per  Day 
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SEAT  DEPARTURE  (1980  $) 


A/C  SVCG  9 
CONTROL 


B 


RAFT  RELATED  OPERATING  COST  COMPARISON 


Airframe  (Excluding  Engines) 


A. 


labor  -  Cm-ICfh  tf4  (CFC 

a  a 


~VTET 


Where  K  *  0.05  W,  *6 


FC 


TOOT 


(Rl)  (H  •») 

-  ( _ 630  )  labor  man-hours 

(W4  *  120  )  per  flight  cycle 

1  000 


KpH  *  0.59  Kfc  Labor  man-hours  per  flight  hour 

B.  Material  ■  C  -  CFH  tf  ♦  CfH 
a  a 

— 

Where  CfH  *  3.05  C4  / 1 06  material  dollars  per  flight  hour 
Cpcs  ■  6.24  C4/10®  material  dollars  per  flight  cycle 


Engine 


A.  Labor  =  C  ■  K,  t-  ♦  Kc 

“  FHe  f  fHe  (Rl) 


Where  K  *  (0.6  ♦  0.027  T/103}  N  Labor  man-hours  per 
”e  e  flight  hour 

Kru  «  (0.3  ♦  0.03  T/103;  N„  Labor  man-hours  per 
fHe  flight  cycle 


B.  Material 


FH 


♦  C 


FC. 


Where  C 


FH. 


lfc. 


*  2.5  N  (C,  /10s)  Mtr 1 .  J  per 
flight  hour 

-  (2.0  N„  (C./105)  Mtrl .  S  per 
e  e  flight  cycle 


Where : 


C  Cost,  $  ) 

K  Labor,  Man-hours)  Subscripts 

N  Number  ) 

a  Airframe 

am  Per  airplane  statute  mile 
e  Engine 

FH  Per  flight  hour 

FC  Per  flight  cycle 

V  Speed,  mph  1  Subscripts 

t  time,  hours  ) 

b  block 

f  flight 

M  Cruise  Mach  Number  (Assume 

1  for  Subsonic  airplanes) 
R^  Labor  rate,  $/hr  ( $4 . 00 ) 

T  Maximum  certified  takeoff  thrust 

W  Basic  empty  weight  of  airplane 

*  less  engines,  lbs. 


TABLE  1  -  1967  ATA  Maintenance  Cost  Methodology 
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Mean  brne  between  rc»u.*  •  hours  iMTBRi 

*  0  63  x  cr<t>ea>  module  MTHR  o<  table 

Basic  engine  maintenance  shop  coms 
Labor  manhours/higM 

s|^-6  modules  |manj10l|lt.|Ct>-w|;^#(| *  t?JM  ]  064  « 
Maintenance  materials  flight 

Imeterials  repair|/Ml  BrJ  k  U8*FL®^ 

Propulsion  systems  outside  service  coms 

m  0.065  *  basic  engine  shop  materials 
4  0.195  x  basic  engine  direct  labor  S 

Other  propulsion  systems  maintenance  costs 
tabor  manhours,  flight 

•  0.0440  *  0.143  x  FL  •  [  FL°  ’?(28C  •  OOIOW,!  V.iBr] 
if  not  core  rever  scr  subtract  (0  0186  *  C  061?  F L r 

Materials ‘flight 

-  0  326  *  0829  x  FL  .  iO  00383  x  ES  x  Fl0  77'MT8Ri 
if  no  core  reverscr  Subtract  .0  131  •  0  331  FL1 


ty6  modules 
"o 


To  estimate  maturity  effect  use  the  following  facior  on  matu> e  levc>s  las  caic-.i'&ted  above)  K<r  his:  t.  e  yeai 
average 


mtbr 

(2  21 

Manhours  'repair 

0  7 

Materials  S  repair 

0.7 

Mote-  These  equations  differ  from  »hose  published  previously  in  NASA  Report  NASCfl  134645  (  4  )  in 
that  they  have  been  updated  to  reflect 

i  1980  $ 

7  Metric  units 

3  Outside  services  calculated  using  direct  LiIkm  m  lieu  o'  fulls  allocated  labor 
4.  Cost  per  flight  riepatixtrp  in  lieu  ol  cost  per  flight  hour. 


Table  11 


-Propul sion 

(loot) 


System  Maintenance 
Form  Method) 


Costs 


I’oauk 

Fan  low  compressor 
H-gh  compressor 
Ddfusei 
Combustor 
High  turbine 
Low  turbme 


(per  engine 

19PUJ) 

Mean  time  hM>‘  v  •;» 
Hoan  ''‘'ll  ' 

Mx.nhri.fs  p:i 
»*T  l” 

Male't.ris  «o>»  j 

p(  i  re’ijir  5 

06. M 

4410  YlPC 

W33 

0  175  x  modulo  ;  •  ■  i-  1 

0874 

44,0'YHPC 

«6„yMiv.3i 

0  114k  n.oi!./''.-  <'ii 

6000 

175 

0  IP 4  x  nurKlo  pritr 

-2.25  x  Ychs  *  4n»K> 

260 

0.174  m  r.ic.'Ju'p  in  >te 

-711  n  Yhpt  ♦  bt>50 

0611 

1  70  x  ZHP t 

0.736  x  lii' .lule  P  'i  p 

-711  « YlP1  4  5550 

0611 

1  76  x  Zj  pT 

0.0S9  i  nio.fxd?  i.'Urf  | 

vl  PC  '  T3  *  (p3  'NIlPC>  -  t4Lpc  • 10  6 

n4rc-14"(v^)’NwPC,"uHec«,o'1 

VCBS*  Tb‘  T4 

VHPT  "  T5  ^  ‘  Pb  Pf>  *  UHPT  "  NHP7  *  10  & 
Vf  T66-'V,VL'lF1  ‘r',U'T"'°  b 


[(U?  F4N  '  C‘AH  1  "nil)  ■  ('-'Jrc  •  :\p 

Nu.t)].ioB 


7H-'>C  ■  1 11PC  ■  "mpc  *  nhit  ’  ,0  8 


ZK pt  "  Tb  '  ^HPT  *  NhRT 


7lpt  ■  T0 4  '  DlPt  * hlft 


i 


Table  1 1 A 


Pasic  Cngino  Module  Maintenance  Cost  forecasting- 
Long  Forir  Method 


L 
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ATA  Svstem 

Labor 

Material 

99 

Inspection  and 
m i seel  1 aneous 

10.69  +  0.526  x  AFW/103 

1.65+  0.084  x  AFW/103 

21 

Air  conditioning 

2.846  +  0.02139  x  AC 

3.16  +  0.015  x  AC 

22 

Autopi lot 

3.124  x  (N)CHANN 

0.858  +  0.541  x  (N)CHANN 

23 

Communications 

0.02474  x  Seats  (w/o  MUX) 

0.00943  x  Seats  (w/o  MUX) 

24 

Electrical 

0.0385  x  Seats  (w/MUX) 

1.865  +  0.00553  x  (N)GEN  x  KVA 

0.0161  x  Seats  (w/Ml‘X) 

1  .932  +  0.0078S  x  (N)GEN  x  KVA 

25 

Equipment  and 
furnishings 

12.72  ♦  0.0741  x  Seats  x  CF 

3.24  +  0.0491X  Seats  x  CF 

26 

Fire  protection 

0.1014  x  ( ( N ) ENG  +  ( N ) APU ) • 

0.112  +  0.0751  x  ( (N)ENG  +  (N)APU)* 
0.497  x  ( (N ) ENG  +  (N)APU)** 

5.273  +  0.00891  x  MGW/103 

27 

Flight  controls 

0.297  +  14.461  x  ( ( N  )  ENG+-  ( N  )  APU  )  ** 
9.55  +  0.00489  x  MGW/103 

28 

Fuel 

1.555  +  0.0366  x  Fuel/103 

0.809  ♦  0.0167  x  Fuel/103 

29 

Hydraulic  power 

3.22  +  0.0048  x  HYO 

2.11  +  0.0109  x  HYD 

30 

Ice  and  rain 

0.7104  +  0.0018  X  MGW/103 

0.114  +  0.005  x  MGW/103 

31 

Instruments 

0.711  ♦  0.013  x  AFW/103 

0.32  ♦  0.0042  X  AFW/103 

32 

Landing  gear 

6.77  +  0.0991  x  MGW/103 

6.749  +  0.246  x  MGW/103 

33 

Lighting 

2.11  +  0.01  x  Seats  x  CF 

0.064  +  0.0118  x  Seats  x  CF 

34 

Navi  gat  ion 

4.104  +  2.93  x  (N)1NS  +  5.0  x  CF 

0.117  +  1.63  x  (N)1NS  +  5.0  x  CF 

35 

Oxygen 

0.719  +  0.00370  x  Seats 

0.00623  x  Seats  (Conventional) 

36 

Pneumatics 

0.253  +  0.0042  +  0.0042  x  AC  X 

0.1023  x  Seats  (OXY  GEN  1 

0.0026  x  AC  x  Thrust/104 

38 

Hater/waste 

Thrust/104 

0.473  +  0.0032  x  Seats  x  CF 

0.0066  x  Seats  x  CF 

49 

Airborne  auxiliary 
power 

1.003  +  0.0004  x  (APU-SHP  X  APU-FR)1* 

1.994  +  0.001  X  (APU-SHPxAPU-FR)% 

50 

Structures 

(x  1.8  for  double  spool, 
variable  vanes) 

4.188  +  0.0138  x  AFW/103 

(Labor  and  material  cost  per  APU 
operating  hour) 

52 

Doors 

1 .60  +  0.008  x  Seats 

0.527  +  0.01068  x  Seats 

53 

Fuselage 

2.09  +  0.064  x  AFW/103 

0.79357 

54 

Nacel les/pylons 

0.47  x  Pod  NAC 

0.18924  Pod  NAC 

55 

Stabi 1 i zers 

1.164 

0.5084 

56 

W i ndows 

1.065  +  0.0006  x  Seats 

0.0386  x  Seats  (Flat  Windshield) 

57 

Wings 

4.1147 

0.0493  x  Seats  (Curved  windshield) 
0.171  +  0.00688  x  Wing  Area 

‘Single  circuit 
••Dual  circuit 


TABLE  III  -  AIRFRAME  MAINTENANCE  SYSTEM  COST  EQUATIONS  (2.5  Flight  Hours) 


ABBREVIATIONS 


AC 

AFW 


APU 

CF 

CHANN 

ENG 

Fuel 

FR 

GEN 

HYD 

INS 

KVA 

MGW 

MUX 

N 

NAC 

OXY  GEN 
SHP 

Thrust 
Wing  area 


air  conditioning  total  pack  air  flow,  kg/min 
airframe  weight,  (manufacturer's  empty  wel gh t- 1  nc  1  tides 
engine's  furnishings,  etc.  -  excljdes  operator's  items) 

kg 

airborne  auxiliary  power  unit 

short  range  operations  0.6 
defined  "complexity"  factor  -  medium  range  1.0 

long  range  1.6 

channel s 
engines 

fuel  capacity,  kg 

air  conditioning  flow  rate  output,  kg/min 

electrical  generators 

flow  of  hydraulic  pumps,  1/min 

inertial  navigation  system 

kilovolt  amperes 

maximum  gross  weight  (max.  taxi  weight),  kg 
multiplex  unit 
number  of 
nacelle 

oxygen  generator 
shaft  horsepower,  watts 
thrust,  N 
wing  area,  m2 


CBS 

CET 

D 

OIF 

ES 

FAN/LPC 

or  IPC 

HPC 

HPT 

LPT 

MTBR 

P 

T 

U 


Combustor  module 

Combustor  exit  temperature,  degrees  K 
Diameter,  m 
Oiffuser  module 
Engine  price,  1980  S 

Fan  and  low  pressure  compressor  module 

High  pressure  compressor  module 

High  pressure  turbine  module 

Low  pressure  turbine  module 

Mean  time  between  repair  or  removal,  hours. 

Pressure,  absolute,  newtons  per  sg.  m. 

Temperature,  degrees  X 

Tip  speed,  m/sec 


TAB'.  1  IV  -  AR'.'Ki  VIATION 
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The  total  airplane  related  operating  costs  may  be  stated  as  follows: 
Operating  costs  (1980  $/tr Ip)* 

Depreciation  *  Purchase  price*  -  residual  1 

Depreciation  period  N 

+  Insurance  ■  1*  of  purchase  price* 


♦  Control  fee 
+  Landing  fee 


$9.77  without  data  link  or 
$5.58  with  data  link 
$2.20/1000  kg  of  landing  weight 


+  Aircraft  servicing 
Narrow  body 

or 

Nlde  body 


+  Flight  attendant  pay 


0.02  x  seats  x  $1 2 .98/ man-hour  (labor) 
+0.0002  x  seats  (material) 

0.033  x  seats  x  $12 . 98/man-hour ( labor) 
+0.003  x  seats  (material) 

(0.964  x  FL  +  0.00244  x  (Ft)2)  x  seats 


+  Flight  crew  pay** 

♦  Fuel  expense 

+  Maintenance  cost 
where  FL 


■  243  x  FL  +  60.73  +  (0.631  x  FL+0. 15773)  x 


HGW 

lodo 


*9 


■  Liters  Pol  1 ars 
Trip  X  Liter 


See  section  Tables  II  l  Ill 


■  Flight  length,  hours 


Ut111zat1on=N*No.  of  departures  per  year  ■  3205 

FT*  0.327 


Note:  To  determine  airplane  related  costs  In  other  than  1980$, 
apply  escalation  factors  determined  by  experience  or  from  data  pub¬ 
lished  in  the  Metals  and  Metal  Products  section  of  the  Wholesale 
Prices  Index-Code  10  and  the  Gross  Earnings  of  Production  Workers 
In  the  Aircraft  lndustry-SIC372-Bureau  of  Labor. 

•Including  airframe  and  engine  spares 
••The  expression  given  is  for  a  3  man  crew-for  a  two  man  crew,  use 
75t  of  this  value. 

+Does  not  include  airframe  and  engine  spares. 


TABLE  V  -  AIRCRAFT  RELATED  OPERATING  COST  METHODOLOGY 


The  required  dimensional  cli? rar Lcr  1  s t i cs  are  as  follows: 

CET  Combustor  exit  temperature  T,.,  degree  f. 

Dxxx  Diameter,  inches  subscripts  or  0.3937  x  diameter  cm  sub- 
scri pts 

LPC  -  first  stage  blade  tip 

HPC  -  first  stage  olade  tip 

HPT  -  first  stage  blade  tip 

LPT  -  first  stage  blade  tip 

FAN  -  fan  blade  tip 

E$  engine  price  in  1980$ 

MTBR  mean  time  between  repair  or  removal 

Nxxx  number  of  stages  in  module  xxx  except  subscript  LPC  - 
number  of  stages  in  fan  plus  number  of  stages  in  low 
pressure  compressor 

Px  pressure,  newtons  per  sq.  m  absolute,  sea  level  taLerff, 

hot  day 

Tx  temperature,  degree  K,  sea  level  takeoff,  hot  day 

subscripts 

2  -  LPC  inlet 

3  -  LPC  exit 

4  -  HPC  exit 

5  -  combustor  exit 

6  -  HPT  exit 

7  -  LPT  exit 

Uxxx  tip  speeds,  ft/sec.  0.3045  m/sec,  sea  level  takeo'f. 

hot  day  (:'Se  first  stage  blade  tip  except  f”  bu:Cl  - 
FAN/IPC  module  use  weighted  average  blade  tie  specdj. 


TABLE  VI-  ENGINE  MAINTENANCE  COST  DEPENDANT  VARIABLES 


Airframe  Weight 
Labor  Rate 

Material  Expense  Factor 
Max.  Taxi  Weight 
Wing  Area 
Fuel  Capacity 
Windshield  Type 

Engines  -  Number/Thrust  Rating 
Nacelles  -  Number 

Fire  Extinguisher  System  -  Single/Dual 
Electrical  Generators  -  Number/Capacity 
Hydraulic  Pump  Flow 
Seats 

Airconditioning  Flow  Rate 

Oxygen  System  -  Gaseous/Solid  State 

Multiplex  Installation 

Autopilot  Channels 

Navigation  System 

Auxiliary  Power  Unit  -  Output  Specs 
Service  Complexity  Factors 


TABLE  VII-  AIRFRAME  MAINTENANCE  COST  DEPENDANT  VARIABLES 


CONDITIONS 

STAGE  LFNGTH 
IUEL  PRICE 
TLIGHT  LENGTH 


1609  KM 

SO. 34  PER  LITER 
2.21  PLIGHT  HRS 
2.45  BLOCK  HRS. 


COST  PIR  SEAT  DEPARTURE  19B0  (SI 

ITEM 


OWNERSHIP  { INCLUDES 

DEPRECIATION  S 

INSURANCE  ) 

6.27 

TRIP  FUEL 

22.48 

FLIGHT  CREW  (3) 

4.41 

FLIGHT  ATTENDANTS  (5) 

2.14 

AIRFRAME  MTC . 

1  .49 

PROPULSION  MTC. 

1.50 

LANDING  FEES 

1  .04 

AIRCRAFT  SERVICING 

0.26 

CONTROL  FEES 

0.03 

AIRCRAFT 

r 


6.70 
18.10 
4.36 
2.14 
1.48 
1 .  30 
0.96 
0. 


0.03 


TOTAL 


39,62 
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Le  "DESIGN  TO  COST"  APPLIQUE  h.  l'HELICOPTERE  AS  350 


par  Rene  MOUILLE 
Directeur  Adjoint  des  Etudes  H^licopteres 
SOCIETE  NATIONALE  INDUSTRIELLE  AEROSPATIALE 
MARIGNANE  -  FRANCE 


S  o  m  m  a  i  r  e 

La  necessity  d'une  recherche  de  reduction  des  cotits  s’est  impost  ^  l'A^rospatiale  pour  ses 
h^licoptferes  bas  de  gamme  afin  de  rester  comp^titif  sur  le  marche  international. 

Cet  effort  de  reduction  des  cotits  s  est  concretise,  au  terme  de  deux  ann£es  de  travail  d'un 
petit  groupe  Etudes-Fabrication  tres  experiments,  par  un  avant-projet  d  une  nouvelle  machine, 
l'AS  350,  rSsolument  plus  Sconomique  que  l'Alouette  II  ou  la  Gazelle  et  dont  le  dSveloppement 
puis  l'industrialisation  ont  ensuite  StS  lancSs  dans  le  mtme  esprit  de  reduction  des  cotits. 

La  mSthode  utilisSe  est  classique  dans  *  es  fondements  : 

•  Analyse  de  la  valeur  des  ionctions  et  des  pieces  assurant  ces  fonctions, 

•  Critique  des  solutions, 

•  Recherche  de  solutions  nouvelles, 

•  Choix  des  compromis. 

Elle  n'a  cependant  pas  ete  formalisee  pour  gagner  du  temps,  balayer  davantage  de  solutions 
possibles  et  parce  que  l'exp^rience  des  participants  permettait  d  eiiminer  rapidement,  sans 
analyse  d£taill£e,  les  solutions  les  plus  chores  et  les  moins  performantes. 

T ou 8  les  domaines,  Etudes,  fabrication,  contrOle,  approvi sionnements  doivent  concourir  £  la 
recherche  du  moindre  coflt. 

Les  benefices  obtenus  en  proc^dant  cor rectement,  des  le  stade  conception,  peuvent  etre  tres 
importants,  aussi  bien  pour  le  cotit  d 'acqui sition  que  pour  le  cotit  d  utilisation.  Cela  int^resse 
non  seulement  les  utilisateurs  civils,  ce  qui  est  Evident,  mais  aussi  les  utilisateurs  militaires 
qui,  pour  le  mfme  budget,  peuvent  obtenir  des  mat^riels  plus  nombreux  et  plus  efficaces. 


L'heiicoptere  AS  350  Astar  ou  Fcureuil  est  la  premiere  machine  £tudi£e  par  la  Division 
H^licoptere  de  I’A^rospatiale  avec  un  objectif  de  prix  comme  objectif  prioritaire. 

Cette  preoccupation  des  cotits  n  est  cependant  pas  nouvelle  et  le  graphique  ci-contre  montre  que 
des  progres  etaient  r^guli «‘rement  enregistr^s  en  cette  matiere.  Mais  un  effort  special  a  ete 
realise  pour  FAS  350  pour  r^duire  les  cotits  de  production. 

Pourquoi  cet  effort  particulier.  pr^cis^ment  pour  l'AS  350  ^ 

11  est  apparu.  en  1971,  qu  i!  etait  imperatif  d  am^liorer  la  competitivite  de  nos  h^licopteres  has 
de  gamme  sur  le  marche  international  'h  cause  des  changements  de  parite  fram  -dollar.  Une  etude 
de  reduction  des  cotits  de  production  de  lAlouette  II  a  done  ete  entrepnse  et  les  r^sultats  ont  ete 
assez  d^cevants.  Les  reductions  de  cotit,  possibles  sans  remise  en  cause  miportante  des  defini¬ 
tions  et  des  outillages  de  production,  ne  d^passaient  gurre  5<.  (  et  exercice  nous  .»  permis 

ceDendant  d  entrevoir  la  possibility  de  reductions  importantes  des  cotits  de  production  par  une 
reprise  fondamentale  de  1  etude  et  la  realisation  d  un  appareil  entierement  nouveau,  utilisant 
toutes  les  possibilites  offertes  par  les  technologies  nouvelles,  et  dont  I’etude  serait  mrn^e  avec 
le  prix  comme  objectif  prioritaire. 

L 
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Pendant  unt  plriode  de  deux  ang,  une  equipe  Etude s -Fabrication  tres  r^duite,  de  4  h  5  personnes, 
s'est  attacMe  k  batir  un  avant-projet  pour  lequel  1 'architecture  de  la  machine  a  (tS  d^finie,  en 
mtme  temps  qu’^taient  pr£cis£es  ses  caractiristiqueB  g£n£rales  de  taille,  de  masse  et  de  perfor¬ 
mances. 

La  definition  des  grands  ensembles  constitutifs  £tait  choisie  et  le  dessin  poussl  asset  loin  pour 
que  I'on  puisse  ^valuer  de  faqon  suffisamment  precise  les  masses  et  les  prix.  Les  solutions 
choisies  ont  fait  appel  a  de  nouvelles  technologies  d£velopp£es  par  ailleurs,  mais  aussi,  trfes 
souvent,  imagines  pour  la  circonstance. 

11  eat  Evident  qu'un  tel  travail  n'a  pu  etre  realise  que  par  une  equipe  tres  experimentee,  tree 
proche  de  la  Direction  des  Etudes,  fortement  soutenue  par  elle  et  par  la  Direction  de  la  Produc¬ 
tion. 

Au  terme  de  cette  periods  d 'avant-projet,  on  a  pu  demontrer  qu'il  etait  possible  de  reduire  le 
nombre  d’heures  de  fabrication  dans  un  rapport  de  1  1  3  par  rapport  k  celui  de  l'Alouette  II,  et 
le  lancement  de  1 'operation  "developpement"  a  ete  decide  en  avril  1973. 

Ce  travail  de  developpement  a  ete  confie  &  une  unite  operationnelle  que  nous  appelons  un  "Hot" 
regroupant  le  personnel  d'etudes,  de  fabrication  et  de  mise  au  point  sous  l’autorite  d'un  respon- 
sable  issu  du  Bureau  d'Etudes. 

La  liasse  des  dessins  de  detail  a  ete  realisee  et  n'a  ete  liberee  pour  fabrication  qu'aprbs 
verification  des  prix  et  des  masses,  en  compa”aison  avec  les  prix  et  masses  "objectifs"  resultant 
de  l'etude  d 'avant-projet. 

La  mise  au  point  en  laboratoire  et  en  vol  a  naturellement  donne  lieu  K  des  modifications  dont  la 
definition  a  ete  realisee  dans  le  mtme  esprit  de  sauvegarde  des  prix  et  des  masses  "objectifs". 

Le  personnel  detache  dans  cet  tlot  developpement  ne  perd  pas  pour  autant  le  contact  avec  son 
service  d'origine,  dont  il  fait  toujours  partie.  Ceci  est  important  pour  ne  pas  isoler  ce  personnel 
sur  le  plan  technique  comme  sur  le  plan  de  la  carriere  personnelle. 

Les  definitions  "developpement"  doivent  naturellement  *tre  pensees  "serie",  le  travail  d'analyse 
de  (a  valeur  effectue  au  stade  avant-projet  et  <}4veloppement  n'aurait  aucun  sens  si  les  definitions 
serie  etaient  differentes. 

Les  outillages  nfcessaires  pour  realiser  les  machines  de  developpement  peuvent  etre  des 
outillages  prototypes.  II  convient  cependant  de  s'assurer  que  l'outillage  serie  ne  peut  pas  etre 
realise  immediatement  en  evaluant  la  probabilite  de  modification  pouvant  resulter  de  la  miBe  au 
point.  Dans  certains  cas,  c  est  l'outillage  prototype  sommaire  qui  est  interessant  parce  que  peu 
coQteux,  rapide  3  realiser  et  parce  que  les  risques  d  evolution  sont  eieveB.  Dans  d'autres  cas, 
on  aura  mt£r«t  a  realiser  immediatement  l'outillage  de  fabrics' ion  serie  parce  que  son  prix  n’est 
pas  beaucoup  plus  eieve,  parce  qu'il  permet  une  economie  importante  sur  la  realisation  des 
pieces  prototypes  et  parce  que  les  risques  devolution  sont  faibles. 

Pour  la  phase  d  industrialisation,  un  homme  de  production  devient  leader.  Le  travail  d'etude  est 
d'ailleurs  reduit  k  la  validation  des  definitions  prototypes,  it  l'integration  des  modifications  dans 
la  liasse  de  dessins  et  au  support  technique  de  la  production. 

Le  travail  d'hdu  strialisation  consiste  e s sentiellement  k  organiser  la  production,  ii  definir  et  a 
realiser  les  outillages  de  fabrication,  ^  definir  et  il  mettre  au  point  les  methodes  de  fabrication. 

Toutes  les  phases,  avant-projet,  developpement  et  industrialisation  sont  importantes  pour  la 
recherche  du  codt  minimal,  mais  la  plus  importante,  celle  qui  conditionne  les  autres,  c'est  la 
phase  d'avant-projet. 

II  faut.  le  plus  tot  possible,  des  la  phase  de  conception  initiale,  intervenir  dans  la  definition  du 
produit  avec  des  pr£ot  cupations  de  prix.  L'analyse  de  la  valeur  sur  un  produit  d e j k  defini,  i 
fortiori  sur  un  produit  d#j£  fabrique,  conduit  k  des  resultats  limites,  souvent  mediocres,  parce 
qu'il  est  impossible,  si  I  on  intervient  tardivement,  de  remettre  en  cause  fondamentalement  la 
definition. 

Nous  avons  vu  dans  quel  cadre,  dans  quelle  organisation  s'est  exercee  la  recherche  du  moindre 
coflt  pour  IAS  350.  Voyons  maintenant  quelle  a  ete  la  methode  de  travail  utilisee 

Quelle  que  soit  cette  methode,  ce  sont  touiours  les  memes  principes  qui  sont  h  la  base  de  la 
recherche  du  moindre  codt  : 

•  Analyse  des  fonctions  et  de  leur  codt  qui  conduit  %  en  faire  la  critique,  &  les  remettre  en 
cause  eventuellement.  &  porter  un  jugement  sur  leur  necessite  ou  leur  formulation,  compte 
tenu  de  la  finalite  globale  du  produit. 
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•  Analyse  deg  pikces  constitutives  et  de  leur  coQt  qui  permet  une  prise  de  conscience  des 
ElEment*  essentiels  qui  dEterminent  le  coQt  et  motive  ainsi  la  crEativitE. 

•  Recherche  de  solutions  nouvelles  qu'il  faut  Evaluer  du  point  de  vue  prix  mais  aussi  du  point 

de  vue  masse,  fiabilitE,  facility  de  mise  en  oeuvre  et  d'entretien,  risques  techniques  Eventuels, 
etc.  .  .  , 

•  Choix  du  meilleur  compromia.  Le  jugement  est  k  porter  en  fonction  des  objectifs  principaux 
citEs  plus  haut  et  il  faut  dEfinir  des  criteres  d'Equi  valence. 

Par  exemple,  on  ne  peut  accepter  une  reduction  de  coQt  qui  conduit  k  un  accroissement  de  masse 
trop  important,  prEjudiciable  k  1’efficacitE  de  1  appareil.  A  la  limite,  un  hElicoptere  d’un  prix 
voiain  de  0  mais  dont  la  charge  payante  est  nulle,  est  infiniment  trop  cher.  Le  c  rite  re  d'Equiva  - 
lence  masse  -  prix  est  tres  variable  avec  le  type  de  machine  et  lea  missions  qu'il  doit  remplir. 

Au  moment  de  l'Etude  de  I'Ecureuil,  nous  I'avions  fixE  k  500  F  par  kg  mais  il  est  considEra- 
blement  plus  ElevE  pour  une  machine  comme  le  Super-Puma. 

Une  Equivalence  du  mftme  genre  peut  Etre  Etablie  entre  la  rEduction  du  codt  de  production  et 
l'accroissement  du  coQt  d 'utilisation.  Bien  que  cela  soit  plus  difficile  et  plus  dEpendant  du 
coefficient  d'importance  que  l'on  accorde  k  tel  ou  tel  aspect  du  probleme,  il  est  possible  de 
dEfinir  lk  aussi  un  critere  coQt  de  fabrication  -  coQt  d’utili sation. 

Il  est  rare  d'ailleurs  qu'un  effcxt  supplEmentaire  ne  permette  pas  de  trouver  une  solution 
sati sfai sante  k  plusieurs  sinon  k  tous  les  points  de  vue.  Dans  I'Ecureuil,  c'est  seulement  dans 
deux  cas,  la  verriere  et  la  bofte  de  transmission,  que  les  solutions  plus  Ecouomiques  choisies 
ont  conduit  k  un  accroissement  de  la  masse  (modeste  d'ailleurs)  par  rapport  aux  solutions 
antErieures  utilisEes  sur  Alouette  II  et  sur  Gazelle. 

On  peut  naturellement  formaliser  ce  travail  d'analyse  de  la  valeur  en  dressant  des  tableaux 
(comme  on  l'enseigne  gEnEralement)  oil  on  fait  figurer  horizontalement  toutes  les  fonctions 
assurEes  par  un  ensemble  et  verticalement  les  pieces  constitutive s  de  cet  ensemble  en  indiquant 
leur  coQt. 

On  peut  ainsi  dEterminer  le  coQt  des  diverses  fonctions  pour  en  faire  la  critique  sous  I'angle 
"coQt-efficacitE".  De  meme,  il  est  possible  de  dEterminer  le  nombre  de  fonctions  remplies  par 
chaque  piece  et  de  confronter  le  coOt  de  ces  pieces  au  nombre  de  fonctions  assurEes. 

La  recherche  de  solutions  nouvelles  donne  lieu  k  l'Etabli ssement  de  nouveaux  tableaux,  autant 
que  de  solutions  nouvelles.  .  .  .  On  imagine  aisEment  l'importance  du  travail  que  cela  peut 
reprEsenter  pour  des  machines  complexes,  oil,  pour  chaque  ensemble  constitntif  (et  i  1  s  sont 
nombreux)  de  tres  nombreuses  solutions  sont  possibles. 

Pour  I'Ecureuil,  le  travail  n 'a  pas  EtE  formalisE  de  cette  manicre.  La  constitution  d'une  Equipe 
tres  expErimentEe  a  permis  de  rEaliser  ce  travail  d'analyse  des  fonctions  et  de  comparaison  des 
solutions,  sans  faire  de  tableaux,  sans  mEme  dessiner  completement  les  diverses  solutions 
possibles  et  sans  les  chiffrer. 

Avec  1 'expErience,  il  est  souvent  possible,  d'un  seul  coup  d'oeil,  de  juger  si  telle  solution 
remplit  correctement  les  fonctions  requises  et  si  elle  est  coQteuse  ou  non.  Le  travail  peut  alors 
se  concentrer  sur  la  recherche  de  solutions  nouvelles  plutOt  que  sur  1 'Etabl  i  ssement  de  tableaux 
ou  de  calculs  de  prix  fastidieux.  C'est  beaucoup  plus  rapide  et  beaucoup  plus  efficace.  On  prend 
le  risque  sans  doute  de  passer  k  cOtE  d'un  fait  qui  peut  avoir  son  importance  et  que  le  travail 
systEmatique  d'analyse  met  en  Evidence  k  coup  sQr.  Mais  cela  est  largement  compensE  par  le 
nombre  de  solutions  qu'on  peut  rapidement  passer  en  revue  et  par  l’exploitation  plus  poussEe 
de  la  compEtence  des  participant*. 

On  ne  saurait  trop  insister  d'ailleurs  sur  la  qualitE  nEcessaire  des  participants.  Les  rEsultats 
k  attendre  d’un  travail  de  ce  genre  en  dEpendent  es  sentiellement,  c.ir  il  n’en  sortira  en  dEfinitive 
que  ce  que  les  hommes  qui  y  participent  sont  capabies  d'apporter  eux-mtmes.  Les  solutions 
choisies  sont  naturellement  EvaluEes  soigneusement  et  cette  Evaluation  constitu?  I’ob  ectii  a 
respecter  par  la  suite. 

Le  prix,  comme  la  masse,  est  dEcomposE  entre  les  diffErents  ensembles  et  les  dessins  nr  sont 
validEs  pour  fabrication  que  si  les  devis  sont  respectEs.  En  cas  contraire,  1  Etude  devra  Ptro 
reprise,  k  moins  que  des  compensations  soient  trouvEes  ailleurs  ... 


De  mauvaises  surprises  peuvent  survenir  en  cours  de  dEveloppement  qui  remcttent  en  cause 
partiellement  les  dEfinitions  choisies.  Lk  encore  l'Etude  sera  reprise  et  le  processus  d'analys 
de  la  valeur  engagE  k  nouveau. 
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La  recherche  de  reductions  des  coQts,  pour  fitre  efficace,  doit  s'exercer  dans  tous  Leg  domaines 
et  porter  sur  toutes  lea  activit^s  qui  concourent  k  la  realisation  du  produit. 

L  etude,  bien  entendu,  qui  en  etablit  la  definition,  mais  aussi  le  Service  Approvi sionnements  qui 
doit,  avec  le  Bureau  d'Etudes,  rechercher  des  materiaux  ou  des  equipements  plus  ecnnomiques 
dont  les  caracteri stique s  seront  juste  adaptees,  sans  plus,  aux  specifications  necessaires. 

Les  methodea  de  fabrication  qui  doivent  egalement  etre  conques  dans  un  esprit  d'economie  et 
imaginees  en  mftme  temps  que  le  produit  en  cours  d'etude.  Bien  souvent  d'ailleurs,  la  definition 
dependra  dea  methodes  et  des  moyens  de  fabrication,  ce  qui  met  l'accent  une  fois  de  plus  sur 
la  necessite  imperative  de  la  participation  k  l'etude  des  ingenieurs  de  fabrication. 

Lea  methodea  de  contrOle  qui,  elles  aussi,  sont  etroitement  associees  k  la  definition  du  produit. 
On  peut  eviter  un  travail  de  contrdle  important  en  pensant,  au  moment  de  l'etude,  k  la  fa^on 
dont  il  sera  effectue. 

L'organisation  m feme  de  la  production  a  une  importance,  non  seulement  pour  reduire  les  coats  de 
production  d'un  produit  determine,  mais  pour  en  modifier  la  definition  au  stade  de  l'etude  afin 
de  l'adapter  k  une  organisation  efficace  du  travail, 

Quelques  exemples  tires  de  l'experience  Ecureuil  permettront  d'illustrer  ces  differents  aspects 
de  la  question  : 

Le  travail  d'etude  constitue  la  premiere  activite  oil  la  reduction  de  coQt  est  recherchee,  et  le 
moyen  essentiel  utilise  pour  cela  est  evidemment  1 'innovation, 

Le  moyeu  Starflex  de  l'Ecureuil  est  particulierement  demonstratif  k  ce  point  de  vue. 

On  sait  que,  sur  un  moyeu  d 'heiicoptere,  il  faut  assurer  les  diverses  fonctions  suivantes 

-  Possibilite  de  mouvement  vertical  de  la  pale  le  battement 

-  Possibilite  de  mouvement  de  la  pale  dans  le  plan  rotor  la  trafnee 

-  Possibilite  de  mouvement  de  la  pale  en  incidence  :  le  changement  de  pas. 

En  outre,  il  faut,  pour  eviter  certaines  instabilites,  resonance  sol  ou  resonance  air,  placer 
correctement  le  premier  mode  d’oscillaUon  des  pales  en  trafnee,  et  l'amortir  convenablement. 

De  plus,  il  faut  aussi  supporter  les  pales  au  repos,  rotor  stoppe. 

-  Dans  un  moyeu  classique  comme  celui  de  i'Alouette,  les  differents  mouvements  de  la  pale 
sont  possibles  grace  aux  articulations  de  battement,  de  trafnee  et  de  pas,  montees  sur 
roulements  k  aiguilles.  Les  cables  de  tierqage  interpales  remontent  la  frequence  d'oscil- 
lation  des  pales  en  trainee  et  des  amortisseurs  hydrauliques  apportent  I'amortissement  de 
trafnee  necessaire.  Enfin,  une  butee  sur  anneau  reciproque  maintient  les  pales  au  repos. 

-  Dans  le  moyeu  Starflex,  les  articulations  de  battement,  de  trainee  et  d'incidence  sont 
assurees  par  la  butee  spherique  en  eiastomere  lamifie. 

Les  bras  de  1  etoile,  equipes  en  bout  d'une  rotule  auto-lubrifiante,  retiennent  les  pales  k 
l'arrftt.  Flexibles  en  battement,  ces  bras  suivent  les  mouvements  verticaux  des  pales  tandi  s 
que,  rigides  en  trafnee,  ils  maintiennent  les  pales  dans  le  plan  rotor  par  l'intermediai re 
de  deux  couches  d'eiastomere  vi  sco -eiastique  qui  permettent  un  positionnement  correct  du 
mode  de  trainee,  tout  en  fournissant  un  certain  amortissement. 

Le  tableau  de  comparaison  des  moyeux  Alouette  et  AS  350  permet  d’apprecier  la  simplification 
apportee  par  le  concept  Starflex  qui,  outre  sa  simplicite,  a  permis  : 

-  une  reduction  de  masse  de  l’ordre  de  45%, 

-  une  amelioration  de  la  fiabilite  par  sa  bonne  resistance  k  la  fatigue,  son  caractere 
fail-safe,  son  insensibility  k  la  corrosion,  aux  effets  d'entaille  et  aux  impacts 
eventuels, 

-  une  amelioration  de  la  maintenance  par  les  facilites  de  surveillance  visuelles 
offertes  et  par  le  remplacement  facile  sur  le  terrain  de  n'importe  lequel  de  see 
compoaants, 

-  une  reduction  du  coQt  de  production  de  I'ordre  de  1  k  3  par  rapport  au  moyeu 
Alouette,  Cette  reduction  atteint  mftme  le  rapport  de  1  k  5  par  la  mecanisation  de 
la  decoupe  et  de  la  mise  en  place  des  tissus  dans  le  moule. 

Un  autre  exemple  ou  l'etude  a  permis  une  reduction  substantielle  du  coQt  concerne 
la  bofte  de  transmission  principale. 

Il  s'agit  ici  du  choix  d'une  chafne  cinematique  differentc  comportant  un  nombre  detages  de 
reduction  plus  reduit,  un  couple  conique  et  un  reducteur  epicyclotdal  au  lieu  d'un  couple 


*> 
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conique  et  deux  rEducteurs  Epicycloidaux. 

En  outre,  la  prise  de  mouvement  arriere  pour  1  entrafhement  du  rotor  de  queue  a  ElE  suppri- 
mEe,  grace  k  l’ar chitectu re  du  moteur  offrant  une  prise  de  mouvement  vers  l'avant  et  vers 

1  'arriere. 

Le  tableau  de  comparaison  montre  que  le  nombre  de  pignons  et  de  roulements  a  EtE  divisE  par 

2  environ.  Le  prix  a  subi  une  reduction  analogue.  Cependant,  il  a  fallu  consentir  a  un 
accroissement  de  masse  de  1‘ordre  de  12  °!o ,  acceptE  volontiers  compte  tenu  du  gain  important 
obtenu  sur  le  codt  de  production,  sur  le  cotit  de  la  maintenance  et  sur  la  fi ability. 

Les  mEthodes  de  fabrication  ont  Egalement  conduit  a  certains  choix,  en  matiere  de  structure, 
par  exemple. 

La  partie  centrale  est  constitute  d'un  squelette  rEsistant  comportant  deux  Elements  longitu- 
dinaux  en  tdle  emboutie  qui  se  prolongent  a  l'avant  par  les  poutres  support  de  plancher  cabine, 
Ces  ElEments  sont  assembles  entre  eux  par  deux  cadres  pleins,  l'un  a  l'avant  constitue  la 
paroi  arriere  de  cabine  et  1  autre  a  l'arriere,  la  paroi  avant  de  soute  a  bagages. 

Ce  squelette  re^oit  en  outre,  k  la  partie  supErieure,  le  plancher  mEcanique,  a  la  partie 
arriere,  la  soute  k  bagages  prolongte  par  la  poutre  de  queue  et,  a  la  partie  inftrieure,  les 
attaches  de  train  k  patins. 

A  part  les  deux  cadres,  tous  les  ElEments  constitutes  de  la  structure  centrale  et  avant 
sont  independants  des  formes  extErieures.  Ils  ont  done  des  formes  simples,  rectilignes  avec 
des  bords  tombEs  k  angle  droit,  ce  qui  simplifie  beaucoup  la  fabrication. 

La  forme  extErieure  est  donnEe  par  des  capots  en  matEriaux  composites  sandwich  de  verre- 
rEsine  et  mousse  de  remplissage. 

La  poutre  de  queue  et  la  soute  k  bagages  sont  de  formes  dEveloppable  s  et  toutes  deux  sont 
constitutes  d 'une  tdle  roulEe  sans  lisse  avec  quelques  cadres  transversaux, 

C'est  la  mise  au  point  des  mEthodes  de  fabrication  en  tales  embouties  de  grandes  dimensions, 
utilisant  des  nuances  particulier e s  d  alliage  lEger  qui  a  permis  la  realisation  de  la  structure 
du  350  telle  qu'elle  est  aujourd'hui. 

C'est  Egalement  la  mise  au  point  des  mEthodes  de  fabrication  d'ElEments  de  grande  dimension 
en  polycarbonate  chargE  de  fibres  de  verre  coupEes  et  thermoformEe s  qui  a  permis  la  reali¬ 
sation  de  la  verriere,  avec  quelques  pieces  seulement,  assemblies  par  soudo-collage. 

Au  total,  la  structure  de  l'Astar  350  ne  comporte  plus  que  300  pieces  environ  au  lieu  de  1000 
pieces  pour  l'Alouette  II. 

La  simplification  des  mEthodes  ou  du  travail  du  contrQlc  a  Egalement  conduit  a  certains  choix 
technologiques. 

Pour  Eviter,  par  exemple,  les  sujEtions  imposEes  par  le  contrble  des  soudures,  celles-ci  ont 
EtE  EliminEes  le  plus  possible.  C'est  le  cas  du  train  d'atter ri  ssage  oil  les  extrtmitEs  de 
traverse  sont  Epanouies  hydrauliquement  a  chaud  pour  former  la  patte  de  fixation  traverse- 
patin.  II  en  risulte  une  meilleure  qualitE,  une  Elimination  des  rebuts  soudure,  une  reduction 
du  nombre  de  phases  de  fabrication  et  une  Economic  substantielle. 

La  . modularity  choisie  pour  la  DTP  facilite  aussi  le  travail  du  contrfile  et  les  modes  d'assem- 
blage  choisis  tendent  gEnEralement  k  iviter  des  tolerances  de  fabrication  trop  serrEes,  non 
seulement  coQteuses  k  rEaliser  mais  aussi  coOteuses  k  contrdler. 

L'organi  sation  de  la  production  intervient  Egalement  dans  certains  cas  pour  la  definition  du 
produit. 

Pour  l'Ecureuil,  l  'organi  sation  en  unitEs  autonomes  de  production  pour  certains  ensembles  a 
orienti  la  definition  vers  des  solutions  ne  demandant  pas  de  moyens  sophi  stiquEs,  impossibles 
k  rassembler  pour  une  petite  Equipe  qui.  de  plus,  ne  comporte  pas  forcEment  de  personnel 
de  tres  haute  qualification. 

L  assemblage  sEparE  de  tout  le  groupe  moto  -  su  stentateur ,  beaucoup  plus  aisE,  a  nEcessitE  de 
penser  les  frontieres  de  cet  ensemble  en  fonction  de  cet  impEratif. 

Enfin,  le  Service  Approvi sionnements  joue  un  r6le  important  pour  le  choix.  avec  le  personnel 
d'Etudes,  des  organes  et  Equipements  qui  con viennent,  sans  recourir  systEmatiquemrnt  au 
lancement  de  produits  spEciaux.  Les  Economies  rEahsEes  peuvent  Etre  considErables. 


▲ 


Dans  le  350  par  exemple,  c'est  un  ventilateur  automobile  deux  fois  plus  lEger  et  trente  fois 
moins  cher  que  le  ventilateur  aEronautique,  prEvu  initialement,  qui  sert  au  refroidissement 
de  l'huile  B  TP  et  moteur. 


Ce  sont  Egalement  des  radiateurs  automobiles  qui  sont  utilises. 

La  pompe  hydraulique  d'alimentation  des  servo-commande s  est  une  pompe  industrielle  3  fois 
moins  chere  et  de  masse  sensiblement  identique. 

En  outre,  une  action  de  reduction  de  codt,  menEe  avec  les  fou rni sseur s,  a  donnE  Egalement 
des  rEsultats  intEressants  sur  les  Equipements  spEcifiques  de  l  Ecureuil. 

Les  essais  de  qualification  ont  EtE  faits  chaque  fois  que  cela  Etait  nEcessaire  pour  la  sEcuritE 
et  le  bon  fonctionnement  de  la  machine,  mais  on  s'est  attachE  £  n'apporter  aucune  modification 
aux  Equipements  industriels  choisis,  ce  qui  aurait  eu  des  repercussions  importantes  sur  le 
prix. 

Quels  sont  les  rEsultats  obtenus  aujourd'hui  ? 

Les  objectifs  de  coflt  de  fabrication,  fixEs  au  terme  de  la  phase  avant-projet,  ont  pu  Etre 
revises  en  baisse  de  10%  au  moment  du  lancement  de  la  fabrication  sErie. 

La  courbe  de  dEcroissance  des  temps  prE-Etablie  pour  la  sErie  a  n^anmoins  EtE  dEpassEe  pour 
la  production  des  machines  produites  jusqu’ci  present  en  raison  des  Evolutions  de  definition 
intervenues  tardivement. 

Cependant,  aujourd'hui,  au  200eme  appareil,  le  temps  passE  est  sur  la  courbe  prEvue  et  on 
devrait  passer  au-dessous  dans  les  mois  qui  viennent. 

Le  codt  de  la  matiere,  du  moteur  et  des  Equipements  n'a  malheureusement  pas  EvoluE  de  la 
rntme  maniere  que  le  coOt  des  fabrications  AErospatiale,  ce  qui  explique  la  diffErence  que  I'on 
observe  dans  la  decomposition  du  prix  entre  I'AS  350-EcureuiI  et  une  machine  produite  antErieu- 
rement  comme  le  Dauphin  AS  360.  On  peut  remarquer  1'importance  considerable  du  poste  moteur 
et  du  poste  Equipements.  Le  moteur  notamment  reprEsente  pratiquement  la  moitiE  du  prix  de 
revient  de  production. 

Une  amelioration  tres  nette  du  coOt  en  utilisation  a  pu  Etre  observEe  par  rapport  k  celui  de 
1  ’Alouette  II. 

Par  heure  de  vol,  le  coat  d ‘utili sation  du  350  est  environ  30%  plus  faible  que  celui  de  1’AlouetteII. 
Comme  le  350  a  des  performances  sensiblement  plus  ElevEes,  c’est  en  rEalitE  une  division  par  3 
du  coat  par  kg  transportE  que  le  350  peut  offrir  par  rapport  I'Aiouette  It. 

Ces  avantages  expliquent  le  succes  qu  ra  rencontrE  I'AS  350  sur  Le  marchE  international  ainsi  que 
le  succbs  de  la  version  bimoteur  de  la  machine,  AS  355,  vendus  respectivement  ^  500  et  250 
exemplaires  aujourd'hui. 

Le  chiffre  des  ventes  du  355  bim*.  rmr,  est  d'autant  plus  remarquable  que  1’appareil  est  toujours 
en  dEveloppement  et  que  les  premiEres  livraisons  ne  doivent  pas  intervenir  avant  la  Jfin  1980. 

La  cadence  de  production  pour  l'ensemble  des  deux  appareils  devrait  atteindre  40  par  mois 
vers  1982  . 

Les  points  les  plus  importants  k  retenir  de  cette  expErience  AS  350-Ecureuil  sont  les  suivants  : 

1.  -  la  recherche  du  moindre  coat  est  devenue  une  obligation  pour  rester  compEtitif  et 

amEliorer  1'efficacitE  des  machines  produites, 

2.  -  le  bEnEfice  attendre  d'une  recherche  systEmatique  de  rEduction  des  coats  peut  Etre 

extrEmement  important, 

3.  -  les  gains  les  plus  importants  sont  obtenus  des  le  stade  de  la  conception  initiate  en 

faisant  appel  aux  personnels  d'Etudes  et  de  production  les  plus  compEtents  et  les  plus 
expErirnentEs,  rassemblEs  en  nombre  limitE  au  stade  avant-projet. 

4.  -  cet  effort  doit  Etre  poursuivi  pendant  toute  la  phase  de  dEveloppement  et  d 'ind\» striali sation, 

5.  -  cet  action  doit  toucher  tous  les  domaines  concernEs  par  la  rEalisation  d 'un  produit  nouveau, 

la  conception,  la  fabrication  (mEthodes  et  organisation),  le  contrOle,  les  approvi  sionnements 
et  mEme  les  essais  en  vol, 
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6.  -  la  recherche  du  moindre  coat  de  production  doit  etre  mende  sans  oublier  les  aspects 
performances,  la  masse  notamment,  et  l'aspect  coOt  de  maintenance  qui  contribuent  k 
rdduire  le  coat  par  kg  transport^,  et  qui  constitue,  inddpendamment  du  coat  d'acquisition, 
la  caractdristique  la  plus  intdressante  pour  1'utilisateur. 

Enfin,  tous  les  avantages  obtenus  par  cet  effort  de  reduction  des  coats  pour  les  utilisateurs  civils 
sont  dgalement  intdressants  pour  les  utilisateurs  militairea  parce  que  les  budgets  d 'dquipements 
et  de  fonctionnement  sont  limitds  et  que,  par  ailleurs,  un  coat  d'utilisation  rdduit  implique,  de 
fa;on  certaine,  de  meilleures  performances,  une  meilleure  disponibilitd,  un  entretien  rdduit, 
des  rechanges  moins  nombreux,  en  un  mot  :  une  meilleure  efficacitd. 
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RELI ABILITY- CENTERED  MAINTENANCE 


by 

F.  S,  Nowlan 

Director  of  Maintenance  Analysis 
United  Airlines 

San  Francisco,  California,  U.S.A.  94128 


INTRODUCTION 

For  aany  years  maintenance  was  a  craft  learned  through  experience  and  rarely  examined  analytically .  More 
recently  specific  aspects  of  the  preventive  maintenance  process  have  received  intensive  analytical  treat¬ 
ment.  Nevertheless  it  has  been  difficult  or  impossible  to  use  these  analytical  methods  for  the  develop¬ 
ment  of  preventive  maintenance  programs.  Sometimes  the  analytical  models  are  not  representative  of  real 
life  situations,  and  in  any  case  the  information  necessary  to  implement  the  methods  usually  is  not  avail¬ 
able. 

The  commercial  airlines,  however,  have  been  successfully  working  towards  a  complete  understanding  of  the 
overall  maintenance  process  and  this  work  has  led  to  the  establishment  of  a  logical  discipline,  called 
Reliability-Centered  Maintenance  in  the  United  States,  which  can  be  used  to  develop  a  scheduled  mainte¬ 
nance  program  that  will  ensure  that  an  aircraft's  inherent  design  levels  of  safety  and  reliability  are 
realized.  The  discipline  always  results  in  a  minimum  cost  maintenance  program  in  light  of  the  reliability 
information  that  is  available  at  any  given  time.  The  less  the  information  the  higher  the  costs,  since 
some  scheduled  work  will  be  directed  at  obtaining  reliability  information  as  the  airplane  ages  in  service, 
and  other  preventive  work  will  be  the  result  of  the  discipline's  default  strategy  that  leads  to  conserva¬ 
tive  decisions  when  the  necessary  information  is  lacking. 

The  use  of  Reliability-Centered  Maintenance  principles  minimizes  the  maintenance  activity  component  of 
life-cycle  costs.  It  also  leads  to  reductions  in  the  inventory  suprort  and  facilities  necessary  to  cover 
both  preventive  and  corrective  maintenance  activities.  I  believe  that  joint  appreciation  of  these  prin¬ 
ciples  by  maintenance  and  design  specialists  is  essential  for  development  of  airplanes  which  can  be  more 
effectively  maintained  and  achieve  higher  levels  of  safety  and  operating  reliability. 


PROGRAM  OBJECTIVES 

The  objectives  of  a  ROM  maintenance  program  are  not  peculiar  to  it.  They  are  the  same  as  those  of  pro¬ 
grams  developed  by  other  concepts,  namely: 

°  To  ensure  realization  of  the  inherent  safety  and  reliability  levels  of  the  airplane. 

°  To  restore  the  airplane  to  these  inherent  levels  when  deterioration  occurs. 

’  To  obtain  the  information  necessary  for  design  improvement  of  those  items  whose  inherent 
reliability  proves  inadequate. 

°  To  accomplish  these  goals  at  the  lowest  possible  cost,  consistent  with  the  highest  possible  degree 
of  safety,  including  maintenance  costs,  support  costs,  and  the  economic  consequences  of  loss  of 
mission  capability  and  reduced  operational  readiness. 

The  important  role  of  cost-effectiveness  in  RCF  decision  making  helps  to  clarify  the  nature  of  inherent 
reliability  characteristics. 


INHERENT  RELIABILITY  CHARACTERISTIC! 

The  inherent  reliability  of  an  item  is  not  the  length  of  time  it  will  survive  without  failures;  rather,  it 
la  the  level  of  reliability  the  Item  will  exhibit  when  it  is  protected  by  preventive  maintenance  and  ade- 
quata  servicing  and  lubrication.  The  degree  of  reliability  that  can  be  achieved,  however,  depends  on  cer¬ 
tain  characteristics  that  are  a  direct  result  of  the  design  details  of  the  equipment  and  the  manufacturing 
process  that  produced  it.  These  characteristics  determine  both  the  need  for  preventive  maintenance  and 
the  effectiveness  with  which  it  can  be  provided.  Thus  from  a  maintenance  viewpoint,  inherent  reliability 
characterist ica  are  such  factors  as : 

0  Failure  consequences,  judgsd  by  the  effect  of  loss  of  function  on  safety,  mission  capability 
and  operational  readiness. 

°  Failure  nodes  which  lead  to  an  item's  losj  of  function. 

°  Exposure  to  secondary  damage  that  results  from  certain  failure  modes. 

°  Visibility  of  the  failure  process  and  a  mechanic's  ability  to  discover  potential  failures  and 
thereby  prevent  functional  failures. 

0  Evidence  by  which  the  operating  crew  can  realize  that  a  functional  failure  has  occurred. 

0  Exposure  to  the  consequences  of  multiple  failur-s. 


0  Failure  rates . 
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Relationships  between  operating  age  and  the  likelihood  of  failure. 
Cost  of  preventive  maintenance . 

Costs  of  correcting  failures. 


o 


o 
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The  test  of  cost-effectiveness  means  that  an  RCM  program  will  not  include  some  tasks  which  would  reduce 
the  likelihood  of  failures  that  do  not  have  a  direct  adverse  effect  on  operating  safety.  However,  when 
a  failure  has  economic  consequences  the  inclusion  of  a  task  that  is  not  cost-effective  would  merely  trans¬ 
fer  these  consequences  from  one  cost  category  to  another,  it  would  not  reduce  them.  Thus  the  cost  factors 
on  both  sides  must  be  considered  inherent  reliability  characteristics  since  they  dictate  the  level  of  re¬ 
liability  that  is  feasible  for  an  existing  design.  Within  this  framework  the  RCH  technique  ensures  all 
the  operating  capability  of  which  the  equipment  is  capable.  Moreover,  it  results  in  a  selection  of  only 
those  tasks  which  will  accomplish  this  objective!  hence  it  also  provides  the  required  maintenance  protec¬ 
tion  at  minimum  cost. 


WHAT  MAINTENANCE  CAN  DO  TO  ENSURE  REALIZATION  OF  INHERENT  CAPABILITIES 

When  we  are  developing  maintenance  programs  we  must  remember  that  there  are  only  four  basic  types  of  main¬ 
tenance  tasks  that  mechanics  can  perform  to  protect  inherent  safety  and  reliability  characteristics.  They 
can: 


°  Inspect  an  item  at  specified  intervals  to  find  and  correct  potential  failures,  thereby 
preventing  functional  failures.  These  are  called  on-condition  tasks. 

°  Rework  (overhaul)  an  item  at  or  before  some  specified  operating  age  (interval)  to  reduce 
the  frequency  of  functional  failures.  These  are  called  scheduled  rework  tasks. 

°  Discard  an  item  or  one  or  more  of  its  parts  at  or  before  some  specified  life  limit  to 
avoid  functional  failures  or  reduce  their  frequency.  These  are  called  scheduled  dis¬ 
card  tasks. 

°  Inspect  a  hidden-function  item  at  specified  intervals  to  find  and  correct  functional 
failures  that  have  already  occurred  but  were  not  evident  to  the  operating  crew.  These 
are  called  scheduled  failure-finding  tasks. 

The  first  three  types  of  tasks  are  directed  at  preventing  single  failures.  The  fourth  is  directed  at  pre¬ 
venting  multiple  failures.  Although  a  hidden-function  failure  has  no  immediate  adverse  consequences  it 
does  set  the  stage  for  a  sequence  of  failures  whose  consequences  may  be  critical.  Certain  elevator- 
control  systems,  for  example,  are  designed  with  concentric  inner  and  outer  shafts  so  that  the  failure  of 
one  shaft  will  not  result  in  any  loss  of  elevator  control.  If  the  second  shaft  were  to  fail  after  an 
undetected  failure  of  the  first  one,  the  result  would  be  critical;  hence  the  immediate  consequence  of  any 
hidden- function  failure  is  incxeased  exposure  to  the  consequences  of  a  sequence  of  multiple  failures. 


TASK  APPLICABILITY  AND  EFFECTIVENESS 

RCM  requires  that  scheduled  tasks  be  both  applicable  and  effective.  Applicability  depends  upon  the  reli¬ 
ability  characteristics  of  the  item  that  is  subjected  to  the  task.  Thus  an  inspection  to  detect  and  cor¬ 
rect  potential  failures,  thereby  preventing  functional  failures,  is  applicable  only  if  the  item  has  char¬ 
acteristics  that  make  it  possible  to  define  a  potential  failure  condition.  Similarly  a  scheduled  rework 
task  is  not  applicable  unless  the  likelihood  of  a  functional  failure  is  an  increasing  function  of  the 
operating  time  since  its  last  rework. 

There  are  specific  reliability-characteristic  criteria  that  must  be  satisfied  before  any  one  of  the  four 
types  of  tasks  can  be  considered  to  be  applicable  to  an  item.  In  the  case  of  an  on-condition  task: 

« 

°  It  must  be  possible  to  detect  reduced  failure  resistance  for  a  specific  failure  mode. 

°  It  must  be  possible  to  define  a  potential-failure  condition  that  can  be  detected  by  an 

explicit  task. 

°  There  must  be  a  reasonably  consistent  age  interval  between  the  time  of  potential  failure 
and  the  time  of  functional  failure. 

The  criteria  that  a  scheduled  rework  task  must  meet  before  it  is  considered  applicable  to  an  item  are: 

°  There  must  be  an  identifiable  age  at  which  the  item  shows  a  rapid  increase  in  failure  probability. 
°  A  uarge  proportion  of  the  units  must  survive  to  that  age. 

°  it  must  be  possible  to  restore  the  original  failure  resistance  of  the  item  by  reworking  it. 

Effectiveness  is  a  measure  of  the  results  of  the  task;  the  desired  results,  however,  depend  on  the  failure 
consequences  that  are  involved.  For  example,  we  wish  to  prevent  all  functional  failures  that  have  a  di¬ 
rect  adverse  effect  on  operating  safety,  or  at  least  to  reduce  their  likelihood  to  some  acceptably  low 
value.  Thus  a  proposed  task  might  appear  useful  if  it  promises  to  reduce  the  overall  failure  rate,  but 
it  would  not  be  considered  effective  unless  either  singly  or  in  conjunction  with  other  tasks  it  reduces 
the  probability  of  failure  to  an  acceptably  low  value.  When  safety  is  not  involved  effectiveness  means 
cost  effective;  the  cost  of  performing  scheduled  maintenance  must  be  less  than  the  benefit  of  the  reduced 
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failure  rates  that  result  from  it.  Such  benefits  include  reduction  in  costs  of  corrective  Maintenance 
and  inventory,  and  reduction  in  costs  imputed  to  operational  nonavailability. 

The  distinction  between  applicability  and  effectiveness  is  usually  obvious  for  inspection  tasks.  The  item 
either  does  or  does  not  have  characteristics  that  make  such  a  task  applicable,  and  if  it  is  applicable  it 
will  be  effective  if  the  interval  is  short  enough,  for  scheduled  rework  tasks,  however,  the  distinction 
is  sometimes  blurred  by  the  intuitive  belief  that  the  task  is  always  applicable  and  therefore  must  be  ef¬ 
fective.  In  reality  imposing  an  age  limit  on  an  item  does  not  in  itself  guarantee  that  its  failure  rate 
will  be  reduced.  In  fact  Figure  1  shows  that  the  characteristics  of  most  complex  items  are  such  that  the 
failure  rate  will  not  be  reduced,  unless  a  dominant  failure  mode  is  present.  The  issue  is  not  whether  the 
task  can  be  done,  but  whether  doing  it  will  in  fact  improve  reliability. 
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1  he  bathtub  curve;  infant  mortality,  followed 
first  by  a  constant  or  gradually  increasing  failure 
probability  and  then  by  a  pronounced  "wearout" 
region.  An  age  limit  may  be  desirable,  pro¬ 
vided  a  large  number  of  units  survive  to  the 
age  at  which  wearout  begins. 


Constant  or  gradually  increasing  failure  prob¬ 
ability,  followed  by  a  pronounced  wearout 
region.  Once  again,  an  age  limit  may  be  desir¬ 
able  (this  curve  is  characteristic  of  aircraft 
reciprocating  engines). 


Gradually  increasing  failure  probability,  but 
with  no  identifiable  wearout  age.  It  is  usually 
not  desirable  to  impose  an  age  limit  in  such 
cases  (this  curve  is  characteristic  of  aircraft 
turbine  engines). 


l  ow  failure  probability  when  the  item  is  new 
or  just  out  of  the  shop,  followed  by  a  quick 
increase  to  a  constant  level. 


Constant  probability  of  failure  at  all  ages 
(exponential  survival  distribution). 


Infant  mortality,  followed  by  a  constant  or  very 
slowly  increasing  failure  probability  (partic¬ 
ularly  applicable  to  electronic  equipment). 


FIGURE  t  Age- reliability  patterns.  In  each  case  the  vertical  axis 

represents  the  conditional  probability  of  failure  and  the  horizontal 
axis  represents  operating  age  since  manufacture,  overhaul,  or  repair, 
these  six  curves  are  derived  from  reliability  analyses  conducted  over  a 
number  of  years,  during  which  all  the  items  analyzed  were  found  to 
be  characterized  by  one  or  another  of  the  age- reliability  relationships 
shown.  Ihe  percentages  indicate  the  percentage  of  items  studied  that 
fell  into  each  of  the  basic  patterns  (United  Airlines) 


RELIABILITY-CENTERED  MAINTENANCE  PROGRAMS 


The  preventive  maintenance  program  for  an  airplane  consists  of  the  complete  set  of  tasks  which  will  he 
performed  on  it  end  their  associated  intervals.  Since  these  tasks  are  prescheduled  for  acco^tlishaent  at 
defined  intervals  such  programs  are  often  called  echeduled  maintenance  programs.  A  Reliability-Cantered 
Maintenance  program  is  one  which  has  been  developed  by  a  discipline  that  requires: 

«  Identification  of  all  functionally  significant  and  structurally  significant  items  on 
the  airplane, 

°  Assessment  of  the  consequences  of  failure  for  each  significant  item,  and  identification 
of  any  failure  modes  that  might  cause  critical  secondary  damage, 

°  Use  of  the  following  criteria  for  task  effectiveness : 

Cl)  Reduction  of  failure  likelihood  to  an  acceptably  low  value  if  failure 
has  adverse  safety  consequences, 

(2)  Cost-effectiveness  for  evident  functions  that  do  not  affect  safety, 

(3)  Assurance  of  adequate  availability  for  hidden  functions,  to  control 
the  likelihood  of  an  undesirable  sequence  of  multiple  failures. 

°  Assessment  of  task  applicability  based  upon  the  reliability  characteristics  of  the 
affected  item. 

An  airplane's  reliability  characteristics  are  established  by  its  design  and  the  manufacturing  process  that 
produced  it.  They  are  inherent.  Maintenance  makes  it  possible  to  realize  them  but  not  to  improve  them. 
When  safety  is  not  involved  the  RCM  discipline  rejects  preventive  work  that  could  improve  an  item's  re¬ 
liability  if  the  benefits  of  the  improvement  are  less  than  the  costs  of  achieving  it.  In  this  case  the 
unimproved  reliability  is  considered  to  be  one  of  the  item's  inherent  characteristics,  and  t'  e  only  way 
to  alter  it  is  to  change  the  design. 

It  is  the  explicit  use  of  various  reliability  factors  in  maintenance  program  decision  making  that  re¬ 
sulted  in  this  technique  being  called  Reliability-Centered  Maintenance  by  the  United  States  Department 
of  Defense. 

Identification  of  Significant  Items 


The  development  of  the  initial  preventive  maintenance  program  for  a  new  type  of  airplane  begins  with  a 
comprehensive  review  of  its  design  features  to  limit  the  size  of  the  project  by  a  quick,  approximate  but 
conservative,  identification  of  a  set  of  functionally  significant  and  structurally  significant  items.  A 
functionally  significant  item  is  one  where  a  functional  failure  could  have  a  direct  adverse  effect  on 
operating  safety,  or  major  economic  consequences.  The  evaluation  of  failure  consequences  involves  a  top 
down  approach.  What  effect  does  the  failure  have  on  the  decisions  that  will  be  made  first  by  the  oper¬ 
ating  crew,  and  then  by  maintenance  personnel. 

The  assessment  of  significance  stakes  extensive  use  of  the  available  failure  modes  and  effects  analyses. 

A  default  strategy  of  classifying  an  item  as  significant  la  followed  to  ensure  further  study  when  there 
is  insufficient  information  to  justify  a  nonsignificant  classification. 

The  primary  consideration  in  determining  structural  significance  is  the  affect  that  failure  of  an  element 
has  on  the  residual  strength  of  the  remaining  assembly  and  on  the  functional  capability  of  the  overall 
structure. 

The  results  of  the  from-the-top-down  partitioning  process  depicted  by  Figure  2  have  the  following  prop¬ 
erties: 

°  Any  item  containing  a  significant  item  is  itself  significant. 

°  Any  nonsignificant  item  is  contained  in  a  higher-level  significant  item. 

°  Any  lower- level  item  contained  in  a  nonsignificant  item  is  itself  nonsignificant. 

In  the  case  of  transport  airplanes  this  approach  usually  results  in  the  identification  of  several  dozen 
functionally  significant  items  and  several  hundred  structurally  significant  items.  These  items  require 
further  study  to  determine  the  applicability  and  effectiveness  of  scheduled  maintenance  tasks.  It  is 
important  to  note  that  the  approach  also  identifies  the  items  that  have  hidden  functions,  most  of  which 
will  require  consideration  in  the  scheduled  maintenance  program. 
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FIGURE  2  Partitioning  an  aircraft  tor  preliminary  identification  of 
significant  items.  The  equipment  is  first  partitioned  to  show  all  items 
in  descending  order  of  complexity.  T  hose  items  whose  failure  clearly 
has  no  significant  consequences  at  the  equipment  level  are  then  pruned 
from  the  tree,  leaving  the  set  ot  items  on  which  maintenance  studies 
must  be  conducted  lach  significant  item  will  include  as  failure 
modes  all  the  failure  possibilities  it  contains. 


Evaluation  of  failure  Consequences 

The  partitioning  procedure  yields  a  conservative  first  approximation  of  the  items  that  might  benefit  from 
scheduled  maintenance.  Each  of  these  significant  item®  is  then  examined  in  detail  to  determine  whether 
its  failure  consequences  actually  qualify  as  significant  -  and  if  so,  whether  the  item  can  in  fact  bene¬ 
fit  from  scheduled  maintenance.  Even  when  the  significance  of  an  item  is  confirmed,  there  may  be  no  form 
of  preventive  maintenance  that  is  applicable  and  effective.  Such  items  cannot  be  eliminated  from  consid¬ 
eration,  however,  without  full  analysis. 

This  re-examination  of  failure  consequences  leads  to  the  classifications  shown  in  rigure  3  which  in  turn 
enable  effectiveness  criteria  to  be  determined  for  the  various  iteaa.  If  the  failure  has  safety  conse¬ 
quences,  scheduled  maintenance  is  required  to  reduce  the  risk  of  failure  to  an  acceptable  level.  If  a 
failure  that  is  evident  to  the  operating  crew  does  not  have  safety  consequences  scheduled  maintenance  is 
desirable  only  if  it  is  cost  effective.  If  failures  will  not  be  evident  to  the  flight  crew  scheduled 
maintenance  is  necessary  to  ensure  the  level  of  hidden  function  availability  is  adequate  to  control  ex¬ 
posure  to  a  multiple  failure.  In  the  last  case  it  is  necessary  to  consider  the  consequences  of  failure 
sequences  that  begin  with  failure  of  the  hidden  function. 
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FIGURE  3  Decision  diagram  to  identify  significant  items  and 
hidden  functions  on  the  basis  of  failure  consequences.  Failures 
that  affect  safety  or  operating  capability  have  an  immediate  impact, 
since  the  aircraft  cannot  be  dispatched  until  they  have  been  corrected. 
The  impact  of  nonoperationai  failures  and  hidden  failures  is  delayed 
in  the  sense  that  correction  can  be  deferred  to  a  convenient  time  and 
location. 


Evaluation  of  Proposed  Maintenance  Tasks 

Tha  next  phase  of  RCH  analysis  involves  a  systematic  study  of  each  failure  mode  of  the  significant  items 
to  determine  whether  one  of  tha  basic  maintenance  tasks  will  satisfy  both  the  criteria  for  applicability 
and  tha  specific  conditions  for  effectiveness.  There  is  a  definite  order  of  preference  to  our  use  of 
preventive  tasks  which  is  shown  in  Figure  4.  This  in  turn  controls  the  sequence  of  analysis. 

On -condition  inspections  directed  at  specific  failure  modes  are  the  most  desirable  type  of  task.  Since 
they  are  based  on  the  feasibility  of  defining  some  identifiable  evidence  of  a  reduced  resistance  to  the 
type  of  failure  in  question  each  unit  la  inspected  at  regular  intervals  and  remains  in  service  wtil  its 
failure  resistance  falls  below  a  defined  level  -  that  is,  until  a  potential  failure  is  discovered.  On- 
coo  dlt  ion  tasks  discriminate  between  units  that  require  corrective  maintenance  to  forestall  a  functional 
failure  and  those  units  that  will  probably  survive  to  the  next  inspection,  hence  they  permit  all  units 
of  an  item  to  realize  most  of  their  useful  lives.  Thus  the  costs  of  both  scheduled  and  corrective  main¬ 
tenance  are  minimized  when  on-condition  tasks  are  applicable  and  effective. 
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f  I6URI  4  Decision  diagram  lo  evaluate  proposed  scheduled- 
maintenance  tasks.  If  none  of  the  three  directly  preventive  tasks  meets 
the  criteria  for  applicability  and  effectiveness,  an  item  whose  failures 
arr  evident  cannot  be  considered  to  benefit  from  scheduled  maintenance 
If  the  item  has  a  hidden  function,  the  default  action  is  a  scheduled 
failure-finding  task. 


The  RCM  Decision  Diagram 

rlguras  3  and  4  have  been  combined  in  Figure  S  which  depicts  the  entire  RCM  decision  making  process  for 
identifying  the  applicable  and  effective  taaka  that  should  comprise  the  scheduled  maintenance  program. 
Each  task  in  the  program  is  included  for  a  specific  identifiable  reason  related  to  the  reliability  char¬ 
acteristics  of  the  airplane. 

Failure  consequences  govern  the  entire  decision  process  represented  by  this  structured  decision  diagram, 
both  to  establish  maintenance  requirements  and  to  evaluate  proposed  tasks .  The  binary  form  of  the  dia¬ 
gram  allows  a  clear  focus  of  engineering  judgment  on  each  issue,  and  it  provides  the  basic  structure  for 
a  default  strategy  -  the  course  of  action  to  be  taken  if  there  is  insufficient  information  to  answer  the 
question  or  if  the  program  development  team  is  unable  to  reach  a  consensus. 

The  decision  logic  also  plays  the  important  role  of  specifying  its  own  information  requirement s .  The 
first  three  questions  assure  us  that  all  failures  will  be  detected  and  that  any  failures  that  might  af¬ 
fect  safety  or  operating  capability  will  receive  first  priority.  The  remaining  steps  provide  for  the 
selection  of  all  applicable  and  effective  tasks,  but  only  those  tasks  that  meet  the  defined  criteria  are 
included.  Again,  real  data  from  operating  experience  will  provide  the  basis  for  adjusting  default  deci¬ 
sions  made  in  the  absence  of  information. 

The  net  result  of  this  careful  bounding  of  the  decision  process  is  a  scheduled  maintenance  program  which 
is  based  at  every  stage  on  the  known  reliability  characteristics  of  the  airplane  in  the  operating  context 
in  which  it  is  used.  In  short,  reliability-centered  maintenance  is  an  answer  to  the  paradox  of  modem 
aircraft  maintenance  -  the  problem  of  how  to  maintain  the  equipment  in  a  safe  and  economical  fashion 
until  we  have  accumulated  enough  information  to  know  how  to  do  it. 
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The  Default  Strategy 

The  information  to  b«  channeled  into  RCM  decisions  requires  analysis  under  two  different  sets  of  condi¬ 
tions.  One  is  ths  development  of  a  prior -to -service  program  on  the  basis  of  limited  Information.  The 
other  is  modification  of  these  initial  requirements  as  information  becomes  available  from  operating  ex¬ 
perience.  As  information  accumulates  it  becomes  increasingly  easier  to  make  robust  decisions.  In  devel¬ 
oping  an  initial  program,  however,  there  are  many  areas  in  which  there  is  insufficient  information  for  a 
clearcut  yes-or-no  answer  or  the  development  team  is  unable  to  reach  a  consensus.  To  provide  for  decision 
making  under  these  circumstances  it  is  necessary  to  have  a  backup  default  strategy  which  dictates  the 
course  of  action  in  these  cases. 

The  default  strategy  shows  which  answer  must  be  chosen  for  each  of  the  -cision  questions  in  the  case  of 
uncertainty.  In  each  case  the  default  answer  is  based  on  protection  of  the  airplane  against  serious  con¬ 
sequences.  For  example,  in  the  process  of  identifying  significant  items,  if  it  can  be  demonstrated  that 
the  failure  of  an  item  has  no  effect  on  safety  or  operating  capability,  the  item  can  be  classified  as 
nonsignificant  and  does  not  warrant  further  study  to  see  if  it  can  benefit  from  scheduled  maintenance. 

If  there  is  any  doubt,  however,  it  must  be  classified  as  significant  and  cannot  be  dismissed  without 
further  analysis.  Similarly,  if  it  is  not  certain  that  a  loss  of  function  will  be  evident  to  the  oper¬ 
ating  crew,  it  is  treated  as  hidden  unless  a  failure  mode  involves  critical  secondary  uamage.  A  partic¬ 
ularly  important  element  of  the  default  strategy  is  the  need  for  redesign  if  it  is  found  that  no  combi¬ 
nation  of  applicable  tasks  is  sufficiently  effective  to  reduce  the  likelihood  of  experiencing  a  specified 
type  of  critical  failure  to  an  acceptable  level. 

This  default  strategy  leads  to  more  preventive  maintenance  than  is  really  necessary.  Some  tasks  will  be 
included  as  protection  against  hazards  that  do  not  exist,  and  others  may  be  scheduled  far  too  frequently. 
The  means  of  eliminating  such  excessive  costs  is  provided  by  the  age-exploration  process  which  begins  as 
soon  as  the  aircraft  goes  into  service.  Through  this  process  the  information  needed  to  refine  the  initial 
program  (and  make  major  revisions  when  necessary)  is  gathered  systematically  for  evaluation. 

Scheduled  rework  tasks  have  little  effect  upon  the  overall  reliability  of  complex  items,  unless  there  is 
a  dominant  failure  mode.  Hence  they  are  not  effective  when  failures  have  safety  consequences.  In  any 
case  the  failure  data  required  to  assess  the  applicability  of  such  tasks  is  not  available  until  some  time 
after  the  airplane  has  been  in  service.  The  same  situation  exists  with  regard  to  discard  tasks  unless 
safe-life  intervals  for  them  have  been  established  by  developmental  testing  that  accurately  simulates 
operational  environments .  Analyses  of  coat -effectiveness  also  require  information  that  must  be  derived 
from  operational  experience.  Consequently  the  default  strategy  results  in  a  no  answer  to  nearly  all 
questions  concerning  the  applicability  and  effectiveness  of  scheduled  rework  and  discard  tasks. 

A  prior-to-service  RCM  maintenance  program,  therefore,  consists  essentially  of  on-condition  tasks,  a  few 
safe-life  discard  tasks ,  and  failure  finding  tasks  for  hidden  function  items;  in  addition  to  the  usual 
servicing  and  lubrication  tasks.  There  will  be  very  few,  if  any,  rework  tasks  and  there  will  be  many 
items  for  which  there  are  no  scheduled  maintenance  tasks  at  all.  After  the  airplane  goes  into  service 
and  additional  information  on  its  reliability  characteristics  can  be  derived  from  operating  experience 
the  conservatively  short  initial  on-condition  inspection  intervals  will  be  extended  as  rapidly  as  fea¬ 
sible,  and  it  may  be  found  that  some  items  can  benefit  from  scheduled  rework  and  economic-life  discard 
tasks  after  their  applicability  and  effectiveness  can  be  evaluated. 

Major  cost  reductions  result  from  recognition  of  the  proper  role  of  scheduled  rework  (overhaul)  tasks. 
Concern  frequently  is  expressed  about  eliminating  scheduled  overhauls  of  such  items  Buch  as  turbine 
engines,  and  supporting  them  instead  by  on-condition  tasks.  Let  us  review  some  operating  experience. 
Figure  6  exemplifies  the  premature  removal  characteristics  of  an  engine  that  is  heavily  dependent  upon 
on-condition  inspections.  It  shows  the  conditional  probability  of  failure  of  the  General  Electric  CF6 
engine  installed  in  one  airline's  DC-10 's  aa  a  function  of  the  operating  age  since  the  engine's  last  shop 
visit.  The  upper  curve  shows  the  total  conditional  probability  for  all  engines  removed  for  corrective 
work,  and  the  lower  curve  shews  the  conditional  probability  of  functional  failures  reported  by  flight 
crews.  It  is  functional  failures  that  have  safety  or  operational  consequences,  and  the  conditional  prob¬ 
ability  in  this  case  is  constant.  Since  the  functional  failures  are  independent  of  the  time  since  engine 
Installation  (last  shop  visit),  a  rework  task  is  not  applicable. 

The  distance  between  these  two  curves  at  any  age  represents  the  conditional  probability  of  potential 
failures  detected  by  on-condition  inspections. 

The  conditional  probability  curve  that  includes  potential  failures  does  show  an  increase  with  increasing 
age.  However,  product  improvement  by  redesign  is  the  proper  method  of  reducing  the  incidence  of  poten¬ 
tial  failures.  As  it  is,  shop  workload  is  reduced  because  each  engine  remains  in  operation  until  a 
potential  failure  is  detected,  and  under  these  conditions  there  is  no  increase  in  functional- failure 
rate  with  age. 

When  it  is  found  necessary  to  remove  an  engine  for  corrective  work  individual  modules  are  repaired  on  a 
•elective  basis  as  a  result  of  on-condition  inspections.  Once  again,  when  a  module  is  repaired  the  in¬ 
dividual  piece  parts  in  it  are  reworked  on  a  selective  basis.  The  engine  never  receives  a  traditional 
type  of  complete  overhaul. 
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FIGURE  S  l  onditional -probability  curves  lor  the  C.enerjl  tleifru 
C  engine  o!  the  Douglas  IK  10.  I  he  upper  curve  shims  the  total 
number  ot  premature  removals  lor  both  functional  and  potential 
failures,  and  the  lower  curse  shows  the  number  ot  these  units  removed 
as  functional  failures.  Although  the  rate  ot  potential  failures  incieases 
with  operating  age,  as  a  result  of  effective  on-condition  inspections 
the  functional-failure  rate  is  kept  in  check  and  shows  no  increase  with 
age.  (I  nited  Airlines) 


Age  Exploration 

The  initial  program  will  have  tasks  and  short  intervals  that  were  dictated  by  the  default  strategy.  After 
the  airplane  enters  service  information  becomes  available  about  its  actual  interaction  with  the  operating 
environment.  This  information  almost  certainly  contains  some  surprises  -  unanticipated  types  of  failures, 
unexpected  failure  consequences,  unusually  high  failure  rates,  or  even  an  absence  of  anticipated  f»ilvras. 
Because  the  volume  of  operations  is  relatively  small  at  first,  information  is  gained  at  that  time  about 
the  failures  that  are  likely  to  occur  soonest  and  with  the  greatest  frequency.  As  operating  time  accumu¬ 
lates,  the  less  frequent  types  of  failure  are  discovered,  as  well  as  those  that  tend  to  occur  at  higher 
operating  ages.  All  this  information  is  used  for  continuing  evolution  of  the  ongoing  maintenance  program. 
Such  evolution  involves  updating  documented  failure  modes  and  effects,  and  re-evaluation  of  answers  to  the 
decision  diagram  questions,  as  well  as  extension  of  on-condition  intervals. 

Any  complex  equipment  is  a  failure  generator,  and  failure  events  will  occur  throughout  its  whole  operating 
life.  The  response  to  these  events  depends  upon  failure  consequences.  If  an  unanticipated  failure  haa 
serious  implications  for  safety,  infoniation  on  it  is  sent  at  once  to  the  manufacturers  and  other  oper¬ 
ators  and  the  first  occurrence  sets  in  motion  an  imaediate  cycle  of  maintenance  and  design  changes.  In 
other  cases  waiting  until  several  failures  have  occurred  allows  a  better  assessment  of  their  frequency 
to  determine  the  economic  benefits  of  preventive  tasks,  or  possibly  radssign-  Very  often  waiting  until 
enough  failures  have  occurred  to  permit  an  evaluation  of  age -reliability  relationships  provides  the  in¬ 
formation  necessary  to  modify  the  initial  maintenance  program. 

Evolution  of  the  scheduled-maintenance  program  does  not  consist  solely  of  reactions  to  unanticipated  fail¬ 
ures.  Systematic  evaluation  of  all  tasks  in  the  initial  program  is  necessary.  On  the  basis  of  actual 
data,  the  initial  conservative  intervals  for  on-condition  inspections  and  hidden  function  aveilebility 
checks  can  be  adjusted  and  the  applicability  of  scheduled  rework  and  economic-life  tasks  can  be  investi¬ 
gated.  Actual  operations  will  frequently  confirm  the  a  priori  assessments  of  failure  consequences  but 
occasionally  the  consequences  will  be  found  to  be  more  serious  or  less  serious  than  anticipated,  or  a 
failure  thought  to  be  evident  to  the  operating  crew  is  not,  and  vice  versa.  The  process  by  which  all 
this  infoniation  is  obtained  is  called  age  exploration,  both  because  the  amount  of  information  is  a  di¬ 
rect  function  of  the  age  of  the  equipment  in  service  and  because  some  of  this  information  relates  to  the 
ages  of  the  items  themselves. 

Information  systems  must  be  established  to  retrieve  and  store  this  information.  The  generation  of  some 
of  it  will  be  autoewtic,  such  as  loss  of  function  events  that  are  evident  to  the  flight  crew.  In  other 
cases  it  will  be  necessary  to  ensure  that  the  initial  program  contains  tasks  that  will  generate  the  re¬ 
quired  information.  This  is  particularly  true  with  regard  to  on-condition  inspection  prograsm  for  the 
poverplant  and  the  structure.  The  ability  to  measure  reduced  failure  resistance  can  be  aeeeesed  at  the 
time  of  the  initial  program  but  not  the  age  at  which  the  reduction  will  f irs"  become  evident  or  its  rate 
of  deterioration  as  items  age  in  service.  Hence  the  initial  inspection  intervals  are  established  at  con¬ 
servatively  short  values  to  force  the  age-exploration  which  will  generate  infoneation  that  can  be  used  to 
establish  longer  more  appropriate  Intervale.  Rapid  use  of  age-exploration  information  ae  it  becomes 
available  la  essential  to  increase  the  conservative  initial  intervals  of  on-condition  inspections  of 
poverplant  and  structural  items  and  thereby  avoid  unnecessary  maintenance  coats.  Conversely  ege-explore- 
tion  aay  indicate  that  a  more  intensive  inspection  program  is  necessary  after  items  have  reached  high 
total  times. 
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PRODUCT  IMPROVEMENT 

In  the  course  of  evaluating  the  maintenance  requirements  of  complex  equipment  it  will  be  found  that  there 
are  many  items  that  cannot  benefit  from  scheduled  maintenance,  either  because  there  is  no  applicable  pre¬ 
ventive  task  or  because  the  available  forms  of  prevention  cannot  provide  the  level  of  reliability  neces¬ 
sary.  Some  of  these  problems  result  from  the  compromise  decisions  the  designer  made,  since  the  require¬ 
ment  for  lightness  and  compactness  in  high  performance  aircraft  is  in  direct  opposition  to  the  weight  and 
bulk  that  is  necessary  for  strength  and  maintainability.  The  exposure  to  problems  is  increased  when  the 
designer  is  working  with  new  components  and  materials  whose  characteristics  hav  not  been  proved  by  ex¬ 
perience.  Consequently  the  identification  of  reliability  problems  during  early  iperations  and  development 
of  design  changes  to  correct  them  is  really  part  of  the  normal  development  cycle  of  high  performance 
equipment . 

Product  improvement  directed  toward  better  reliability  takes  a  number  of  forms.  An  item  may  be  modified 
to  prevent  critical  failures,  to  eliminate  a  particularly  expensive  failure  mode,  or  to  reduce  its  over¬ 
all  failure  rate.  The  airplane,  or  an  item  on  it,  may  be  modified  to  facilitate  replacement  of  a  failed 
unit,  to  make  a  hidden  function  visible,  to  incorporate  features  that  make  on-condition  inspections  fea¬ 
sible,  or  to  add  redundant  features  that  alter  the  consequences  of  failure. 

Hence  the  information  obtained  from  age -exploration  must  be  used  not  only  to  refine  the  preventive  main¬ 
tenance  program  but  also  to  direct  cost-effective  product  improvement  efforts. 


DESIGN-MAINTENANCE  PARTNERSHIP 

The  large  life-cycle  cost  reductions  that  can  be  achieved  by  use  of  reliability-centered  maintenance  prin¬ 
ciples  require  a  joint  effort  of  both  the  designer  and  the  maintenance  man.  On  one  hand,  the  design  of 
the  airplane  establishes  its  inherent  reliability  characteristics,  including  the  consequences  of  func¬ 
tional  failures  as  well  as  the  methods  and  costs  required  to  prevent  them;  on  the  other  hand,  scheduled 
maintenance  attempts  to  preserve  all  the  safety  and  operating  reliability  of  which  the  airplane  is  capa¬ 
ble.  Designers  have  not  always  understood  the  capabilities  of  scheduled  maintenance  and  the  practical 
limits  on  these  capabilities.  By  the  same  token,  maintenance  organizations  have  not  always  had  a  clear 
grasp  of  the  design  goals  of  the  airplanes  that  they  maintain. 

During  the  development  of  prior-to-service  programs  the  identification  of  significant  items  and  hidden 
functions  depends  upon  the  designer's  information  on  failure  effects,  as  well  as  the  operator's  knowledge 
of  their  consequences.  At  this  stage  the  information  on  anticipated  failure  modes  and  their  associated 
mechanisms  must  also  come  from  the  designer.  While  the  maintenance  members  of  the  program  development 
team  will  be  able  to  draw  on  prior  experience  with  similar  materials,  design  practices,  and  manufacturing 
techniques,  this  information  must  be  complemented  by  the  designer's  advice  concerning  the  ages  at  which 
various  forms  of  deterioration  are  likely  to  become  evident,  although  it  will  be  necessary  to  confirm  this 
advice  by  age-exploration  information.  The  designer's  advice  is  even  more  important  when  new  materials 
and  techniques  are  involved. 

At  a  more  fundamental  level,  it  is  import snt  for  the  designer  to  bear  in  mind  some  of  the  practical  as¬ 
pects  of  scheduled  maintenance.  In  general,  on-condition  inspections  are  the  most  effective  weapon 
against  functional  failures.  However,  it  must  be  possible  to  use  them,  preferably  without  removing  items 
from  their  installed  positions  on  the  airplane.  Thus  the  designer  must  not  only  help  to  identify  the 
items  for  which  such  inspections  ere  applicable,  but  also  must  make  sure  that  there  is  some  means  of  ac¬ 
cess  to  the  area  to  be  inspected.  An  equally  important  factor  is  the  use  of  design  features  such  as  the 
damage  tolerant  structure  that  is  widely  used  in  transport  aircraft ,  and  of  materials  which  result  in 
relatively  alow  deterioration  of  Items  intended  for  on-condition  inspection. 

After  the  airplane  enters  service  it  will  experience  unanticipated  failures,  some  of  which  require  imme¬ 
diate  action.  In  these  cases  the  designer's  help  is  crucial  in  developing  new  interim  scheduled  tasks 
that  will  control  the  problem  until  design  changes  can  be  developed  and  incorporated  in  the  operating 
fleet.  Both  the  design  and  maintenance  organizations  must  work  together  to  identify  the  failure  mechanism 
involved,  because  thie  information  is  needed  for  product  improvement  as  well  as  to  develop  the  interim 
tasks.  Such  product  improvement  entails  a  two-way  flow  of  Infoxxsation ,  the  operating  organization  must 
identify  the  need  for  an  improvement ,  and  the  manufacturer  must  advise  the  operator  of  the  results  of  his 
continuing  test  programs  end  the  experience  that  other  users  of  the  equipment  have  encountered.  The  de¬ 
velopment  of  airplanes  that  can  be  more  effectively  maintained  and  achieve  still  higher  levels  of  safety 
and  reliability  depends  on  a  continuing  close  partnership,  with  both  design  and  maintenance  organizations 
familiar  and  sympathetic  to  each  other's  problems  and  goals. 


EXAMPLES  OF  COST  REDUCTIONS 

Although  the  RCM  technique  is  a  considerable  expansion  and  refinement  of  practices  that  have  been  employed 
by  coamarciai  air  carriers,  I  think  it  is  appropriate  to  exemplify  some  of  the  cost  savings  that  have  re¬ 
sulted  from  those  airline  practices. 

The  initial  maintenance  program  for  the  Douglas  DC-8  included  scheduled  overhaul  requirements  for  33S  dif¬ 
ferent  iteme,  only  eight  items  had  such  requirements  for  the  Boeing  7M7.  The  result  has  been  a  large  re¬ 
duction  in  the  flow  of  iteme  through  repair  shops  for  scheduled  overhauls,  that  at  best  hsd  little  post 
tive  affect  upon  their  operational  reliability.  Reduction  of  this  flow  has  led  to  corresponding  reduc¬ 
tions  in  shop  labor  and  material  coats  and  the  Inventory  costs  of  the  spare  units  that  were  required  to 
cater  to  that  flow. 


Turbine  engines  how  have  design  features  that  permit  extensive  use  of  on-condition  inspections  and  most 
airlines  have  been  able  to  eliminate  scheduled  overhauls  of  turbine  engines.  This  elimination  of  the 
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scheduled  overhaul  process  has  enabled  the  number  of  spare  engines  required  to  cover  shop  activities  to  be 
reduced  by  as  auch  as  50  percent,  or  more.  With  engines  costing  two  or  three  million  dollars  each  such 
inventory  savings  are  very  large.  Increased  knowledge  of  maintenance  requirements  and  the  role  of  on- 
condition  tasks  not  only  has  reduced  the  volume  of  engines  flowing  through  the  shop,  it  has  also  led  to 
major  reductions  in  the  costs  incurred  by  each  visit.  Nevertheless  engines  still  account  for  at  least 
half  of  an  airline's  maintenance  coats. 

Better  understanding  of  structural  maintenance  requirements  for  the  damage -tolerant  structure  of  transport 
airplanes  and  Improved  use  of  the  information  obtained  from  age-exploration  programs  have  also  led  to 
large  cost  reductions.  One  airline  expended  only  66,000  manhours  on  major  structural  inspections  of  the 
Boeing  747  prior  to  establishing  an  initial  inspection  interval  of  20,000  hours.  In  contrast  traditional 
maintenance  policies  led  to  its  expenditure  of  over  4  million  manhours  before  the  same  interval  was  at¬ 
tained  for  major  structural  inspections  of  the  smaller  and  less  complex  Douglas  DC-6. 


CONCLUDING  REMARKS 

The  problem  of  basing  a  preventive  maintenance  program  on  an  airplane's  reliability  characteristics  might 
appear  to  be  a  lack  of  the  very  information  that  is  needed.  In  reality  the  problem  is  not  the  lack  of  in¬ 
formation;  rather,  it  is  knowing  what  information  is  necessary  in  order  to  make  decisions. 

The  RCM  solution  to  this  problem  is  a  structural  decision  process  based,  not  on  an  attempt  to  estimate  the 
reliability  of  each  part,  but  on  the  consequences  of  functional  failures  for  the  airplane  itself.  The  de¬ 
cision  process  thus  proceeds  from  the  top  down,  first  to  identify  those  items  whose  failure  is  significant 
an  the  airplane  level  and  then  to  determine  what  scheduled  maintenance  can  do  for  each  of  these  items.  At 
each  step  of  the  analysis  the  decision  is  governed  by  the  nature  of  the  failure  consequences.  This  focus 
establishes  the  priority  of  maintenance  activity  and  also  permits  us  to  define  the  effectiveness  of  pro¬ 
posed  maintenance  tasks  in  terms  of  the  results  they  must  accomplish.  Once  this  determination  has  been 
made,  we  are  in  a  position  to  examine  each  of  the  four  possible  foras  of  preventive  maintenance  to  see 
which  tasks,  if  any,  are  both  applicable  and  effective  for  the  item  under  consideration. 

The  process  of  evaluating  failure  consequences  and  maintenance  tasks  is  facilitated  by  a  decision-diagram 
technique  which  employs  an  ordered  set  of  priorities  -  in  the  case  of  both  failure  consequences  and  task 
selection  -  with  the  questions  at  each  level  worded  to  define  the  information  required  for  that  decision. 
In  many  cases  the  answer  will  be  obvious  from  engineering  expertise,  the  manufacturer's  test  data,  and 
previous  experience  with  similar  items.  However,  in  developing  a  prior-to-service  maintenance  program  a 
strategy  is  required  for  decision  making  when  the  appropriate  information  is  now  available.  Thus  the  de¬ 
cision  logic  also  provides  for  default  answers  to  meet  this  situation.  For  an  item  subject  to  critical 
failures  the  default  path  leads  ultimately  to  redesign  where  the  consequences  of  failure  are  economic,  the 
default  decision  may  be  to  do  nothing  (no  scheduled  maintenance)  until  operating  experience  provides  the 
information  required  to  justify  some  other  choice. 

The  result  of  an  RCM  analysis  is  a  preventive  maintenance  program  that  includes  all  scheduled  tasks  neces¬ 
sary  to  ensure  safety  and  operating  economy,  but  only  those  tasks  that  will  do  so.  Where  there  is  no 
basis  for  determining  whether  a  particular  task  will  prove  applicable  and  effective,  the  default  strategy 
provides  the  most  conservative  answer,  and  as  the  maintenance  program  evolves,  these  initial  decisions  are 
systematically  modified  on  the  basis  of  actual  operating  data.  This  process  continues  throughout  the 
service  life  of  the  equipment,  so  that  the  decision  structure  provides  an  optimal  program  in  terms  of  the 
information  available  at  any  time. 

The  technique  described  in  this  paper  is  a  considerable  expansion  and  refinement  of  the  techniques  de¬ 
scribed  in  such  airline  industry  documents  as  MSG- 2:  Airline/Manufacturer  Maintenance  Program  Planning 
Document  published  by  the  Air  Transport  Association  on  March  25th,  1970,  and  LSMG:  European  Maintenance 
Systems  Guide  to  Developing  Initial  Maintenance  Programs  for  Civil  Air  Transport  published  by  the  Associ¬ 
ation  of  European  Airlines  during  March  1976, 

These  principles  have  been  successfully  applied  to  commercial  aircraft.  However,  the  RCM  decision  process 
itself  is  general  and  applies  to  any  complex  equipment  that  requires  a  maintenance  support  program  de¬ 
signed  to  realize  maximum  operating  reliability  at  the  lowest  cost. 

The  major  obstacle  to  implementation  of  the  RCM  process  is  the  tendency  to  rely  on  traditional  concepts  of 
scheduled  maintenance,  especially  the  belief  that  scheduled  overhauls  are  a  universally  effective  weapon 
against  failures.  Thus  an  organization  must  recognize  and  accept  the  following  facts  before  it  is  pre¬ 
pared  to  use  RCM  principles: 

°  The  design  features  of  the  airplane  establish  the  consequences  of  any  functional  failure,  as 
well  as  the  cost  of  preventing  it. 

°  Redundancy  is  a  powerful  design  tool  for  preventing  complete  losses  of  function  to  the  airplane. 

°  Scheduled  maintenance  can  prevent  or  reduce  the  frequency  of  complete  losses  of  function 

(functional  failures),  but  it  cannot  alter  their  consequences. 

°  Scheduled  maintenance  can  ensure  that  the  inherent  reliability  of  each  item  is  realized, 
but  it  cannot  alter  the  characteristics  of  the  item. 

°  There  is  no  "right  time"  for  scheduled  overhauls  that  will  solve  reliability  problems 
in  complex  equipment. 

8  On-coodition  inspections,  which  make  it  possible  to  preempt  functional  failures  by  potential 
failures,  are  the  most  effective  tool  of  scheduled  maintenance. 


°  A  scheduled -maintenance  program  must  be  dynamic;  any  prior-to-service  program  is  based  on 
limited  information,  and  the  operating  organization  must  be  prepared  to  collect  and  respond 
to  real  data  throughout  the  service  life  of  the  equipment. 

°  Product  improvement  is  a  normal  part  of  the  development  cycle  for  all  new  equipment . 

Until  an  operating  organization  is  comfortable  with  these  facts  it  may  be  difficult  to  proceed  confidently 
with  the  results  of  RCM  analysis. 

The  technique  that  I  have  discussed  today  is  defined  in  great  detail  in  a  textbook  coauthored  by  Howard 
Heap  of  United  Airlines  and  myself.  This  book,  RELIABILITY-CENTERED  MAINTENANCE  can  be  obtained  from  the 
National  Technical  Information  Service,  5285  Port  Royal  Rd. ,  Springfield,  VA  22161.  It  is  also  available 
from  the  Defense  Documentation  Center,  Alexandria,  VA  22314.  Its  acquisition  number  is  AD  A066579. 
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SUMMARY 

Unlike  some  branches  of  accounting,  life  Cycle  Costing  involves  many  different  disciplines  including 
the  basic  engineering  of  the  aircraft.  Engineering  forms  an  important  aspect  of  acquisition  costs,  opera¬ 
tional  costs  and  support  costs. 

The  constituents  that  are  common  to  most  Life  Cycle  Cost  methods  are  identified  and  ways  discussed  in 
which  some  of  the  engineering  costs  can  be  minimised.  The  extra  cost  of  better  engineering  design  ma%. 
increase  the  acquisition  cost  but  this  will  be  more  than  offset  by  the  large  reduction  in  support  costs 
complemented  by  the  increase  in  reliability  and  aircraft  availability. 

Examples  are  given  showing  typical  contributions  to  high  surport  costs  of  mechanical  components.  In 
many  cases,  these  costs  are  avoidable  by  more  care  at  all  stages  of  design,  production  and  operation  of 
the  equipment. 


1.  INTRODUCTION 

Life  Cycle  Costing  is  a  method  of  forecasting  the  cost  of  future  events.  The  successful  forecaster 
has  always  had  an  honourable  place  in  society,  even  as  long  ago  as  the  Egyptians  priests  and  the  Biblical 
prophets.  It  has  always  been  possible  to  predict  events  which  depend  on  the  laws  of  physics.  This  was 
simply  a  case  of  evaluating  the  law  and  applying  it  to  the  data.  Such  forecasting  can  be  highly  accurate, 
as  in  the  case  of  eclipses  of  the  sun  and  moon.  All  events  depending  on  physical  laws  should  be  forecast 
with  such  accuracy,  however,  difficulties  often  arise  in  measuring  the  date  on  which  the  forecast  is  based, 
e.g.  the  times  and  heights  of  tides  depend  basically  on  the  laws  of  gravity,  but  can  bo  considerably  modi¬ 
fied  by  the  local  meteorological  conditions.  In  theory,  meteorological  conditions  are  wholly  predictable, 
since  they  depend  on  known  laws  of  physics.  Weather  forecasting  illustrates  one  important  aspect  of  success¬ 
ful  forecasting,  i.e.  the  baseline  from  which  the  forecast  is  made  must  be  known  accurately.  In  the  case 
of  weather,  all  parameters  that  affect  the  weather  must  be  known  simultaneously  on  a  global  basis.  Since 
this  is  impossible,  the  accepted  approach  to  the  problem  is  to  monitor  the  weather  at  selected  points., 
extrapolate  the  data  to  cover  intermediate  points  and  then  continuously  update  the  forecast,  we  can  ail 
draw  our  own  conclusions  on  the  success  rate  of  this  method.  Life  Cycle  Costing  has  many  similarities  with 
weather  forecasting.  The  success  of  the  forecast  appears  to  be  inversely  proportional  to  the  time  interval 
over  which  the  forecast  is  required  and  is  dependent  on  the  accuracy  of  the  baseline  data.  Unfortunately, 
life  Cycle  Costing  is  also  degraded  by  being  dependent  on  the  laws  of  probability  rather  than  the  laws  of 
physics.  Also,  alas,  Life  Cycle  Costing  is  affected  by  the  policies  of  politicians  and  governments.  Such 
policies  can  wildly  distort  the  extrapolations  on  which  Life  Cycle  Costing  is  based. 

In  order  to  assess  the  credibility  of  the  life  Cycle  Cost  forecast,  it  is  therefore  very  important  to 
define  accurately  the  data  on  which  the  forecast  is  based  and  the  constraints  that  have  beer  applied  to  the 
extrapolation  from  the  data. 

It  is  not  the  intention  of  this  paper  to  criticise  all  the  different  methods  of  life  Cycle  Costing. 
Instead,  items  that  are  common  to  most  models  will  be  identified  and  ways  discussed  in  which  some  of  the 
engineering  costs  can  be  minimised. 

?.  THE  CONSTITUENTS  OF  I IFE  CYCLE  COSTS 

Life  Cycle  Costs  can  be  split  into  three  main  constituents  :- 

1)  Costs  of  Acquisition 

?)  Costs  of  (ppration 

?)  Costs  of  Support. 

It  is  impossible  to  treat  these  completely  separately  ns  there  n re  interactions  between  them  which  are 
usually,  but  not  necessarily,  unfavourable,  e.g.  an  item  that  has  the  cheapest  acquisition  cost  may  have 
the  highest  support  cost..  However,  it  is  the  aim  of  life  Cycle  Costing  to  find  a  suitable  mix  of  all 
three  ingredients  that  will  give  the  lowest  overall  total  cost.  Let  ur  examine  eaci.  one,  and  it?  interac¬ 
tion?’,  from  an  engineering  point  of  view. 

'.  ACQUISITION  COSTS 

At  present  these  are  largely  minimised  by  using  the  mechanism  of  th«  market  r lace.  lor  complete 
aircraft,  the  acquisition  cost  is  compared  with  that  of  similar  aircraft  and  none?  *-.ed  according  t '  ‘he  ta.sk 
that  the  aircraft  is  required  to  do.  hor  commercial  aircraft  this  tends  to  be  different  for  each  r-ute 
flown  and  since  most,  airlines  require  their  aircraft  to  fly  more  than  one  route  smro  form,  of  ror.rromire 
inevitable.  Military  aircraft  are  more  specialised  and  are  usually  designed  to  do  one  task  very  we. I  or 
a  few  tasks  as  well  as  possible.  In  recent  year.,  mainly  due  to  the  high  costs  of  buying  and  maintaining 
small  quantities  of  specialised  aircraft,  there  har.  been  much  more  interest  shown  in  multi-role  yjes. 
However,  even  in  the  latter  case,  the  acquisition  costs  hove  largely  teen  ieterr  r.ed  for  given  tanks  by 
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the  state  of  the  art  at  the  time  that  the  design  was  frozen. 

When  we  look  at  individual  mechanical  system  components  the  picture  is  much  clearer,  since  they  have 
evolved  relatively  slowly.  An  aircraft  engineer  from  the  1^^0's  would  have  little  difficulty  in  recognising 
a  modern  fuel  pump,  hydraulic  jack  or  heat  exchanger.  Most  of  the  improvements  have  come  from  better 
materials  and-  improved  manufacturing  methods.  If  inflation  is  discounted,  this  has  resulted  in  lower  costs 
for  the  same  specification  or  a  better  specification  for  the  same  cost.  In  general,  the  airframe  manufactu¬ 
rer  will  choose  the  cheapest  and  lightest  component  on  the  market  if  he  has  sufficient  faith  ir  the  manu¬ 
facturer's  ability  to  meet  the  specification  and  deliver  on  time.  This  favours  the  component  manufacturer 
with  the  most  efficient  design  and  production  teams.  A  small  company  could  be  at  a  disadvantage  if  it  has 
to  sub-contract  some  of  the  production  processes  to  specialist  firms  over  which  it  has  not  adequate  control. 
We  have  foun<-.  several  examples  of  high  support  costs  that  can  be  traced  back  to  inadequate  quality  control 
at  the  manufacturing  stage. 

3.1  Design  and  Development  Costs 

The  acquisition  cost  can  be  divided  into  two  parts 

1)  Design  and  development 

2)  Production 

for  military  aircraft,  desigr  and  development  costs  can  be  very  difficult  to  assess  with  a  high 
degree  of  accuracy.  We  require  the  latest  technology  which  will  in  most  cases  be  unproven  and  her.ce  an 
unknown  quantity.  Unless  similar  equipment  already  exists,  we  have  no  data  baseline  from  which  to  extra¬ 
polate  our  costs.  This  can  have  unfortunate  financial  results,  as  Polls  Royce  found  out  with  the  use  of 
carbon  fibre  reinforced  plastic  fan  blades  for  the  RB  f 11.  Few  aircraft  companies  can  afford  to  risk  their 
own  money  in  innovative  areas  these  days  and  new  developments  are  very  closely  geared  to  government's 
Defence  budgets. 

It  is  always  difficult  to  strike  the  right  balance  between  design  costs  and  testing  costs.  Economies 
in  one  are  often  more  than  offset  by  extra  costs  incurred  in  the  other.  Unfortunately,  there  are  nearly 
always  external  pressures  to  economise  on  both.  Comprehensive  test  programmes  are  often  difficult  to 
justify,  particularly  where  everyone  is  convinced  in  advance  that  they  know  what  the  outcome  is  likely  to 
be.  The  designer  is  reluctant  to  ask  for  large  scale  testing  since  he  feels  that  his  design  is  the  best 
possible  (if  not  the  only)  solution  to  the  problem  and  the  money  would  be  better  spent  seeki.g  solutions 
to  the  problems  for  which  he  has  not  yet  found  answers.  F’roduction  managers  are  easily  convinced  of  the 
logic  of  this,  since  they  know  that  if  something  fails  on  test  it  will  result  in  re-design  or  modifications 
with  the  resultant  delays  on  their  production  time  scales.  However,  this  latter  philosophy  shoulu  be 
strongly  resisted.  Experience  has  shown  in  nearly  all  cases  that  the  sooner  a  design  error  is  rectified, 
the  cheaper  the  solution  is  found  to  be.  Retrospective  modifications  to  a  complete  fleet  of  aircraft  V.ave 
always  proved  to  be  a  very  expensive  exercise.  Unjustified  economies  in  design  are  always  offset  by  vastly- 
increased  support  costs. 

Until  recently,  there  has  been  a  tendency  to  incorporate  the  latest  state  of  the  art  in  every  new 
design.  Unfortunately,  each  new  advance  seems  to  be  more  expensive  than  the  one  it  replaces.  *e  should  now 
question  very  carefully  whether  we  really  need  the  sophistication  that  is  available  for  the  particular  role 
that  the  aircraft  will  play.  Ir.  ar.  inertial  navigator  really  essential  or  would  a  cheaper  system  usirir 

say,  a  satellite  interrogator  be  sufficient?  In  many  cases  equipment  is  now  available  that  is  more  accurate 
and  sophisticated  than  is  necessary  for  a  particular  aircraft  role.  If  a  bomb  is  capable  of  devastating 
an  area  of  500  square  kilometres,  do  we  really  need  to  deliver  it  with  a  CEF  accuracy  of  1C  metres'. 

Dtsigners  must  not  forget  that  safety,  accuracy  and  reliability  are  really  relative  terms  rather  than 
absolute  and  that  both  under  and  over-specifying  can  be  expensive.  The  more  complicate!  a  component  is,  *  he 
greater  are  the  extra  components  required  to  maintain  its  safety  and  reliability.  Vvliat  is  a  realistic 
price  to  pay  for  accuracy  and  convenience?  For  intercepting  enemy  aircraft  or  missiles,  the  answer  is 
probably  that  the  highest  accuracy  possible  is  essentia],  but  for  civil  use  where  the  problem  is  the 
opposite  i.e.  to  avoid  intercepting  the  path  of  any  other  aircraft,  the  accuracy  need  only  be  better  thar. 
the  separation  which  is  considered  to  be  s*  fe. 

^.2  Froduction  Costs 

A  baseline  for  predicting  rroduction  costs  is  usually  easier  to  define  thnn  one  for  design  and 
development  costs.  In  most  cases,  the  type  of  engineering  required  is  define*.,  at  the  preliminary  design 
stage.  Once  a  design  material  has  been  agreed,  the  techniques  for  shaping  it  into  the  final  pre'uct  evolve 
relatively  slowly  and,  as  long  as  aircraft  continue  to  be  made  from  aluminium  alloys,  the  basic  processes 
of  casting,  forging,  machining  and  riveting  .are  unlikely  to  change  drastically.  The  use  of  fibre  rein¬ 
forced  plastics  is  increasing  fairly  slowly  and  a  production  cost  baseline  is  reasonably  well  established. 

In  the  avionics  field,  production  costs  depend  greatly  on  the  number  of  components  and  the  sophist icat i on 
of  the  techniques  involved  and  this  is  an  area  in  which  changes  can  occur  very  rapidly.  The  increasing 
cost  of  software  which  was  almost  negligible  a  few  years  ago  has  introduced  a  new  variable  into  avionics 
costs  which  ir  future  will  be  even  more  difficult  to  forecast  accurately. 

CCT.TC  (F  ITERATION 

These  are  the  costs  incurred  whilst  the  aircraft  is  flying.  The  major  costs  are  thoeeof  fuel,  oxygen, 
expendable  armament,  and  the  manpower  required  to  operate  the  aircraft  efficiently  and  safely.  The  direct 
manpower  costs  of  pilots  and  crew  are  relatively  easy  to  evaluate,  but  there  are  other  indirect  manpower 
costs  involved  as  well,  such  as  radar  operators  and  air  traffic  cont rol  1  err. ,  which  are  less  easy  to  quantify. 
For  civil  aircraft  most  of  these  ancillary  costs  are  included  in  landing  fees,  but  for  military  aircraft 
they  have  to  be  included  «s  par1  of  the  c  *»rhead  costs  of  aircraft  operation. 
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The  cost  of  fuel  is  one  of  the  most  difficult  iter’s  to  forecast.  For  civil  aircraft,  the  cost  to  the 
airline  includes  all  the  ancillary  costs  of  supply  and  storage,  which  are  borne  by  the  oil  companies  and 
are  reflected  in  the  price  per  litre.  For  military  aircraft,  the  costs  of  fuel  include  not  only  the 
direct  cost  of  the  fuel  itself,  but  all  the  logistic  costs  of  .storing  and  supply inr  it  as  well.  These 
include  the  costs  of  storage  tanks,  their  protection  against  the  environment  and  enemy  action,  specialised 
fire  fighting  equipment  and  refuelling  bowsers.  'These  costs  are  also  linked  to  the  price  that  an  air  force 
is  prepared  to  pay  for  aircraft  availability.  To  illustrate  this  consider  the  costs  of  acquiring  and  oper¬ 
ating  a  refuelling  bowser.  Suppose  it  takes  15  minutes  to  refuel  a  long  range  bomber.  If  the  bomber  is 
required  to  fly  one  mission  per  day  a  time  of  ISO  minutes  to  refuel  10  aircraft  from  1  bowser  may  be 
reasonable.  However,  for  an  interceptor  aircraft  a  turn  round  time  of  10  minutes  may  be  required,  hence 
if  it  takes  5  minutes  to  refuel  1  aircraft,  5  bowsers  are  required  to  refuel  10  aircraft.  Hence  aircraft 
availability  becomes  more  important  than  minimum  cost. 

Operating  costs  are  very  dependent  on  the  number  of  hours  flown  per  year.  These  can  be  very  accurately 
forecast  for  civil  aircraft  that  are  flying  known  schedul*  •  but  military  aircraft  hours  are  loss  predictable. 
They  can  be  affected  by  such  diverse  factors  as  changes  in  defence  budgets,  changes  in  aircraft  roles, 
changes  of  government  and  changes  in  overseas  commitments. 

5.  COSTS  OF  SUFFORT 

Increasing  most  characteristics  of  an  aircraft  e.g.  speed,  range,  maximum  altitude,  etc.,  increases 
the  Life  Cycle  Cost  but  an  increase  in  Reliability  or  Maintainability  should  result  in  a  decrease  in 
support  costs.  This  may  be  partly  offset  by  an  increase  in  acquisition  costs  but  on  balance  there  is 
likely  to  be  an  overall  reduction  in  Life  Cycle  Costs.  Let  us  now  examine  in  more  detail  how  good  engineer¬ 
ing  can  result  in  increased  Maintainability  and  Reliability. 

5.1  Maintainability 

During  the  design  stage  of  an  aircraft  it  is  normal  to  carry  out  a  Reliability  appraisal  of  all 
components.  Using  this  as  a  basis,  the  components  with  the  greatest  expected  unreliability  should  be  the 
most  accessible.  It  is  very  difficult  to  convince  a  designer  that  his  equipment  is  likely  to  be  unreliable 
and  that  it  will  require  frequent  adjustment  or  replacement.  There  is  a  tendency  to  believe  that  every 
component  is  a  "Fit  and  Forget"  item.  The  designers  of  engine  pods  have  managed  to  overcome  this  attitude 
and,  in  general,  the  accessibility  of  podded  engines  is  very  good.  Cr.  some  aircraft  it  is  quicker  to 
change  an  engine  than  an  internal  fuel  tank. 

The  maintainabili ty  philosophy  of  the  aircraft  should  be  decided  at  ,jn  early  point  in  the  design 
stages  and  related  to  the  skill  levels  that  will  be  available.  There  has  been  a  tendency  for  required 
skill  levels  to  increase  and  become  more  specialised.  This  has  the  effect  of  increasing  support  costs  and 
in  order  to  offset  this,  more  and  more  specialised  test  equipment  is  being  used  for  fault  diagnosis.  It 
will  always  be  cheapei  to  diagnose  and  rectify  a  fault  in  situ  rather  than  to  replace  a  suspected  component 
and  rectify  it  at  second  line. 

It  is  now  possible  to  fit  more  built  in  test  equipment  on  the  aircraft,  which  can  not  only  register 
that  a  fault  exists,  but  can  also  pinpoint  with  greater  accuracy  which  component  is  faulty.  This  will  make 
a  marked  reduction  in  diagnostic  time  and  will  prevent  the  removal  of  components  that  are  subsequently 
tested  at  second  line  and  found  to  be  fault  free.  Many  manhours  are  wasted  at  present  because  adequate 
test  equipment  is  not  available  at  first  line.  Rect if icat ion  is  often  by  a  system  of  "trie..  and  error" 
based  on  experience.  An  investigation  into  first  line  manhours  taken  to  rectify  faults  in  various  mechani¬ 
cal  components  showed  that  there  was  a  very  wide  scatter  in  the  results.  If  the  target  manhour.,  were  I1., 
the  actual  manhours  ranged  from  1  to  ??0  with  an  average  of  Co  (measured  over  a  two  year  period'.  Ihif 
was  typical  for  most  mechanical  components  and  means  that  actual  servicing  costs  were  L  timer,  the  expected 
costs.  The  reasons  behind  this  are  not  clear,  but  contributory  factors  include  low  skill  levels,  poor  or 
non-existent  diagnostic  equipment,  poor  accessibility  and  artificial  means  of  measuring  the  attainment  of 
target  levels. 

Once  again,  we  are  brought  back  to  the  question,  "'what  price  are  we  prepared  to  jay  for  aircraft 
availability?"  On  the  present  system,  a  reduction  in  support  costs  means  also  a  reduction  in  aircraft 
availability.  Although  availability  is  difficult  to  quantify  in  monetary  terms,  for  civil  aircraft  the 
ratio  of  flying  time  to  downtime  is  a  measure  of  revenue  earning  capacity  which  is  downgraded  by  any 
increase  in  downtime.  For  mill* ary  aircraft,  availability  is  of  prime  importance  and  any  aircraft  out  of 
action  is  a  liability.  Turn  round  time  whether  for  flying  defects  or  major  servicing  is  at  a  premium  and 
a  balance  has  to  be  struck  between  rood  availability  and  high  support  costs. 

"What  cap  Ine  designer  and  customer  do  to  alleviate  this  situation?"  One  major  area  that  will 
repay  investigation  is  that  of  the  increased  use  of  built  in  test  equipment  or  on-board  health  monitoring. 

As  more  and  more  of  the  conventional  mechanical  systems  are  replaced  and  re-organised  by  electronic 
management  systems,  (Is  Lockheed's  "al 1 -elect ric"  aircraft  proposal  to  bo  regarded  as  the  ultimate  goal'.), 
we  have  a  golden  opportunity  to  use  the  information  generated  by  such  management  systems  to  monitor  each 
component  of  the  system.  Any  deviation  from  their  expected  performance  can  be  instantly  compared  with  that 
in  the  aircraft's  computer  memory  and  signalled  to  the  pilot  or  .stored  for  read-out  on  the  ground.  lerfor- 
mance  degradation  can  be  monitored  and  preventat i ve  maintenance  carried  out  at  a  convenient  time  between 
scheduled  flights,  instead  of  waiting  until  a  defect  actually  occurs.  A  small  start  in  this  direction  has 
been  achieved  by  the  use  of  fa’igue  meters  and  engine  vibration  recording  or.  existing  aircraft,  but  in 
future  aircraft,  incorporating  on-board  energy  management  systems  by  microprocessors ,  the  addition  of  a 
small  amount  of  extra  recording  capacity  will  pay  large  dividends  in  the  form  of  increased  availability 
and  reduced  maintenance. 

Having  come  to  terms  with  all  these  compromiser  and  alternatives  we  shall  achieve  an  estimated  cost 
of  maintainability.  This  can  be  averaged  over  the  aircraft  life  to  produce  a  cost  per  flying  hour,  in 
what  basis  do  we  decide  if  this  is  a  reasonable  figure?  For  civil  aircraft  we  can  compare  it  with  the 


costs  for  the  aircraft  that  it  will  replace  in  the  fleet  and  this  will  probably  be  accurate  enough  for  our 
purposes,  particularly  in  the  case  of  major  airlines  who  seldom  keep  a  new  aircraft  until  it  is  scrapped, 
in  spite  of  the  large  number  of  UC  -  *>  aircraft  still  flying,  it  is  certain  that  few,  if  any,  are  still 
in  the  hands  of  their  original  owners.  The  situation  for  military  aircraft  is  different.  Most  spend  their 
whole  lives  in  one  air  force  and  the  majority  exceed  their  design  lives  by  a  considerable  margin.  The 
British  Aerospace  Canberra  was  conceived  in  19V'.  It  is  highly  probable  that  those  that  ore  being  re¬ 
conditioned  now  will  still  be  flying  at  the  turn  of  the  century.  If  Life  Cycle  Costing  is  to  be  realistic 
it  must  be  continually  updated  throughout  the  life  of  the  aircraft.  A  Life  Cycle  Cost  estimate  made  at  the 
time  of  a  feasibility  study  will  be  inaccurate  in  10  years  time  when  the  aircraft  enters  service.  A  fore¬ 
cast  is  only  as  good  as  the  data  on  which  it  is  based.  If  the  data  change  it  is  important  to  update  the 
forecast . 

S.T  Reliability 

The  Mean  Time  Between  Failures  (KTBK)  is  a  strong  cost  driver  in  Life  Cycle  Costing.  Any  decrease 
in  Reliability  is  immediately  reflected  in  a  corresponding  ncrease  in  support  costs,  worthwhile  increases 
in  Reliability  can  most  easily  be  achieved  if  Ael inbi 1 ity  l.  regarded  as  one  of  the  important  parameters 
at  the  early  design  stage.  A  small  increase  in  design  costs  can  produce  dramatic  increases  in  Reliability. 

In  general,  designers  are  not  as  reliability  -  conscious  as  they  could  be.  They  are  motivated  far  more  by 

performance,  weight,  cost  and  safety.  A  large  re-education  programme  is  required  to  demonstrate  how  expen¬ 
sive,  in  terms  of  support  costs,  an  unreliable  product  can  prove.  An  increase  in  Reliability  need  not 
necessarily  involve  penalties  in  other  parameters.  A  detailed  investigation  into  mechanical  system  relia¬ 
bility  has  shown  that  most  causes  of  unreliability  can  be  eliminated  by  relatively  simple  design  changes. 
However,  customers'  resistance  to  design  changes  is  very  high.  Once  a  design  ha6  been  translated  into 
hardware  the  customer  is  faced  with  a  decrease  in  aircraft  or  component  availability,  a  possible  increase 
in  spares  stocks  to  cover  those  in  the  modification  loop  (stocks  may  already  be  low  because  of  the  unrelia¬ 
bility)  and  a  large  increase  in  documentation  and  identification  to  cover  the  various  modification  states 

of  his  equipment.  This  customer  resistance  increases  with  time  until  a  point  is  reached  at  which  the 
customer  decides  that  it  is  more  economical  to  live  with  his  unreliable  equipment  than  to  modify  it. 

However,  this  decision  is  based  on  the  customer's  estimate  of  the  aircraft's  life  and  we  have  already  noted 
that  this  can  be  wildly  inaccurate.  The  moral  here  is  that  Reliability  should  be  very  high  on  the  designer* 
list  of  priorities.  Unfortunately,  the  inherent  reliability  of  a  design  is  a  very  difficult  quantity  to 
measure,  except  with  hindsight.  Tables  exist  that  quote  the  random  failure  rates  of  similar  components. 

Our  investigations  have  shown  that  actual  failure  rates  can  differ  from  random  failure  rates  by  a  factor 
of  100  or  more,  since  most  failures  in  unreliable  equipment  are  not  random,  but  are  due  to  faults  in  the 
basic  design. 

There  was  once  a  time  when  a  designer  could  hope  to  work  on  over  10  different  aircraft  during  his 
lifetime  and  his  experience  grew  rapidly.  Today  an  aircraft  can  take  up  to  V>  years  from  feasibility  study 
to  becoming  fully  operational.  Unless  a  design  fault  shows  up  during  routine  testing  the  aircraft  may  have 
been  in  service  for  several  years  before  the  defect  pattern  asserts  itself.  By  this  time  the  designer  will 
probably  have  incorporated  the  same  fault  into  his  next  design,  although  there  is  a  high  probability  that 
with  today's  mobility  of  labour  the  original  designer  will  have  moved  into  another  field  and  the  new 
designer  will  be  incorporating  his  predecessor's  mistakes  as  well  as  his  ow:\  Under  the  present  system 
there  is  no  incentive  for  the  designer  to  improve  the  reliability  of  his  equipment.  In  fact,  the  component 
manufacturer  whose  products  are  less  reliable  than  the  average  makes  more  money  out  of  his  repair  contracts 
than  the  more  conscientious  manufacturer  as  long  ns  the  unreliability  is  not  large  enough  to  draw  attention 
to  itself. 

Reliability  Improvement  Warranty 

In  an  attempt  to  improve  this  situation  a  recent  innovation  in  l.i>.A.  has  been  the  Reliability 
Improvement  Warranty.  This  was  originally  proposed  by  Lear  Liegler  Inc.  under  the  name  of  Failure  Free 
Warranty.  This  was  rather  a  bad  choice  of  words,  as  it  did  not  guarantee  that  the  equipment  would  not 
fail,  it  was  not  free  and  it  did  not  imply  buyer  protection  against  poor  workmanship.  What  it  did  guarantee 
was  much  better  aircraft  availability  at  a  fixed  price. 

Under  the  warranty  conditions,  the  manufacturer  agrees  that,  over  a  specified  time  (which  if  full 
advantage  is  to  be  gained  should  extend  over  several  years)  he  will  repair  or  replace  within  a  specified 
turn  round  time  all  items  of  his  equipment  that  fail.  Any  exclusions  must  be  specified  in  advance.  If 
necessary,  the  manufacturer  can  be  required  to  keep  sufficient  stocks  of  spare  items  to  guarantee  «  TA  - 
hour  exchange  of  a  serviceable  item  for  a  failed  item.  In  return,  the  manufacturer  is  guaranteed  a  fixed 
price  irrespective  of  the  number  of  failed  items  that  occur.  He  is  also  encouraged  to  provide  no-cost 
modifications  that  will  improve  the  design  and  engineering  to  enhance  the  reliability  and  maintainability 
of  the  equipment.  The  manufacturer  is  thus  provided  with  a  direct  monetary  incentive  to  improve  the 
reliability  of  his  product,  he  is  also  encouraged  to  investigate  why  failures  occur  and  to  actively  pursue 
methods  of  prevention.  Lvery  failure  he  can  prevent  is  reflected  directly  in  his  profits. 

The  contract  is  also  beneficial  to  the  customer.  He  knows  in  advance  exactly  how  much  hit.  repair 
bill  will  he  for  the  item.  He  can  also  reduce  his  stocks  of  spnres  to  a  minimum  knowing  that  there  is  a 
guaranteed  turn  round  time  that  can  be  ns  short  as  P1*  hours.  His  aircraft  availability  due  to  this  item 
is  entirely  dependent  on  his  own  logistic  ability  and  will  not  be  influenced  by  the  manufacturer's  internal 
problems.  As  the  manufacturer's  no-cost  modifications  begin  to  take  effect,  the  reliability  of  the  aircraft 
will  increase.  There  will  also  be  n  reduction  in  manpower  and  skill  levels  required  to  maintain  the  equip¬ 
ment  and  the  only  test  equipment  required  will  be  for  diagnostic  purposes  and  even  this  will  decline  ns  on¬ 
board  equipment  monitoring  systems  are  in* reduced. 

This  approach  has  many  similarities  with  an  "all -risks"  insurance  policy.  The  customer  pays  n 
fixed  premium  to  ensure  maximum  aircraft  availability.  The  insurer  has  the  additional  advantage  of  being 
able  to  minimise  his  risks  by  improving  the  product  reliability  and  hence  maximising  his  profits. 
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The  Reliability  Improvement  Warranty  is  a  method  for  improving  the  reliability  of  aircraft  that 
are  already  built.  It  would  be  much  more  cost  effective  if  the  reliability  could  be  improved  at  the  design 
stage.  Unfortunately,  Reliability  is  a  function  of  time  and  hence  cannot  be  measured  when  time  is  zero  or 
negative  i.e.  before  the  component  is  built.  However,  an  impossible  task  has  always  been  a  worthwhile 
challenge  to  a  good  engineer  and  although  evolution  has  always  been  a  rapid  process  in  the  aircraft 
industry  it  has  mostly  been  by  product  improvement  rather  than  by  mutation.  Consequently,  recent  history 
can  be  a  good  baseline  from  which  to  extrapolate  future  trends  and  a  study  of  the  main  causes  of  unrelia¬ 
bility  shows  that  many  areas  have  shown  no  improvement  for  several  years  and,  in  fact,  that  in  some  areas 

standards  are  actually  deteriorating.  If  these  trends  can  be  arrested  and  reversed,  there  is  scope  for  a 
large  reduction  in  support  costs  which  will  more  than  offset  any  consequent  increases  in  acquisition  costs. 

Reliability  Incentives 

A  major  difficulty  is  to  motivate  a  component  manufacturer  to  do  something  whose  only  result  as 
far  as  he  is  concerned  will  be  to  drastically  reduce  his  lucrative  repair  contracts.  Much  thought  has 

gone  into  devising  a  system  of  incentives  and  penalty  clauses  that  are  acceptable  to  the  manufacturer  and 

enforceable  by  the  customer.  This  type  of  system  is  only  arplicable  in  a  situation  where  market  forces 
prevail.  If  a  manufacturer  has  a  virtual  monopoly  he  is  not  interested  in  incentives  and  it  is  impossible 
to  enforce  penalty  clauses. 

Where  contractual  Reliability  is  possible  it  is  necessary  to  draw  up  a  Design  Reliability  Flan. 

Thin  requires  the  manufacturer  to  perform  a  Failure  Mode  and  Effect  Analysis  early  in  his  design  and  agree 
with  the  customer  the  methods  he  will  use  to  maximise  Reliability.  Particular  attention  is  required  to  be 
paid  to  parts  or  materials  that  are:- 

affected  by  the  harsher  aspects  of  the  environment 

subject  to  excessive  wear 

new  or  untried  in  this  application 

costly  to  repair 

affected  adversely  by  manufacturing  or  assembly  tolerances 

It  is  very  important  that  any  failures  that  occur  during  development  testing  should  be  investi¬ 
gated  thoroughly  and  their  likelihood  of  occurring  in  service  assessed  carefully.  There  is  a  strong 
tendency  to  ignore  minor  faults  that  occur  on  test  rigs  by  saying  that  the  rig  is  not  properly  representa¬ 
tive  of  flight  conditions  and  we  will  wait  and  see  if  the  fault  reappears  on  flight  testing  before  taking 
any  action.  We  have  already  noted  that  resistance  to  modifications  increases  with  time  and  by  the  time  a 
fault  is  confirmed  in  flight,  production  may  have  started,  by  which  time  resistance  is  gaining  momentum 
rapidly.  Many  persistent  failures  in  service  can  be  traced  back  to  faults  that  were  first  noted  during 
development  testing  but  ignored. 

After  one  particular  type  of  aircraft  had  been  in  service  for  several  years,  it  was  bought  by  a 
new  customer  and  immediately  complaints  were  received  that  du.'ing  refuelling  a  sticking  float  switch  would 
often  cause  fuel  venting.  As  the  float  switch  design  was  by  now  obsolete,  it  was  replaced  by  a  thermistor 
device  and  the  fault  was  cured.  However,  the  product  support  engineer's  curiosity  was  aroused  as  to  why 
a  float  switch  with  no  previous  fault  history  should  suddenly  become  troublesome.  His  investigations  soon 
showed  that  the  device  had  always  had  this  fault  but  no  one  had  ever  bothered  to  report  it,  since  it  could 
always  be  cured  by  stamping  on  the  aircraft  win*  at  a  certain  point.  He  also  discovered  that  there  was  a 
note  in  the  original  test  report  to  the  effect  that  the  switch  was  prone  to  sticking,  but  could  be  cured  by 
thumping  the  side  of  the  test  tank.  In  this  case  a  course  of  inaction  was  probably  justified,  but  there 
must  exist  many  other  cases  where  minor  faults  are  producing  much  frustration  and  unnecessary  cost  both  in 
money  and  downtime,  where  a  little  extra  effort  during  the  design  stages  could  have  prevented  the  fault 
from  ever  occurring. 

A  Production  Reliability  test  for  all  components  is  expensive,  but  if  it  can  be  made  sufficiently 
comprehensive,  it  will  eliminate  at  source  many  faults  that  would  otherwise  not  show  up  until  the  aircraft 
is  in  service.  In  particular,  it  would  highlight  the  defects  that  occur  in  infant  mortality  and  those 
caused  by  production  methods.  It  is  necessary  to  carry  out  Qualification  Testing  on  a  new  component  before 
production  starts  and  hence  the  test  component  must  be  "hand-built".  This  means  that  defects  caused  by 
production  methods  (eg  casting  instead  of  forging  or  machining,  rolling  threads  instead  of  cutting,  batch 
processing, )  will  not  show  up. 

in  cases  where  it  is  difficult  to  motivate  a  manufacturer  to  be  Reliability  -  conscious,  it  i6 
necessary  for  the  customer  to  maintain  a  close  liaison  during  the  design  and  development  process.  Every 
drawing,  test  plan  and  report  must  be  scrutinised  from  a  Reliability  view  point.  Every  opportunity  must 
be  taken  to  inaugurate  reliability  improvements  and  after  testing  is  complete  a  Reliability  demonstration 
should  be  arranged.  Suitable  corrective  action  must  be  taken  after  all  test  failures.  Only  in  this  way 
can  a  consistent  programme  of  reliability  growth  be  assured  and  the  lowest  possible  support  costs  encouraged. 

Where  there  is  healthy  competition  amongst  manufacturers  it  is  often  difficult  to  decide  which 
manufacturer  is  offering  the  most  reliable  product.  In  this  case  it  is  possible  to  introduce  an  incentive/ 
penalty  type  of  bidding.  One  method  is  for  the  customer  to  specify  a  minimum  Mean  Time  between  Failures 
(MTBF).  Mich  manufacturer  then  proposes  any  MTBF  greater  than  the  minimum  and  a  corresponding  Life  Cycle 
Cost.  The  combination  of  MTBF  and  LCC  is  then  assessed  for  each  manufacturer  to  determine  the  successful 
bidder.  A  penalty  clause  is  then  included  to  guarantee  free  spares  and  maintainability  if  the  MTBF  is  not 
achieved.  The  major  difficulty  with  this  scheme  is  the  problem  of  determining  the  actual  MTBF  and  it  may 
be  necessary  to  prove  this  by  a  special  laboratory  or  field  test. 

An  alternative  to  this  method  is  for  the  manufacturer  to  specify  maximum  and  minimum  limits  for 
MTBF.  If  the  actual  MTBF  is  less  than  the  target  minimum,  the  manufacturer's  profit  margin  is  reduced  and 


conversely,  if  the  actual  MTBF  exceeds  the  maximum,  the  profit  margin  is  increased.  Unfortunately  this 
method  also  suffers  from  the  difficulty  of  measuring  MTBF  when  only  a  few  unit6  are  available. 


5*?. 3  Repair  Costs 

The  support  costs  of  each  component  are  greatly  influenced  by  the  number  of  spares  required.  These 
in  turn  are  affected  by  the  turn  round  time  of  the  repair  loop.  Turn  round  time  is  seldom  less  than  3 
months  and  can  be  as  high  as  1 2  months  or  more.  This  means  that  sufficient  spares  must  be  carried  to 
cover  up  to  a  year's  total  defects  plus  a  contingency  allowance.  The  rapid  increase  in  aircraft  complexity 
over  the  last  few  years  has  meant  that  the  cost  of  spares  stocks  is  now  a  significant  part  of  the  support 
costs.  These  are  further  inflated  by  the  corresponding  ancillary  costs  of  paperwork,  accounting,  auditing, 
computer  memory  holding,  transport,  storage,  packaging  and  stores  heating  and  lighting.  These  ancillary 
costs  are  no  longer  insignificant  and  it  should  be  remembered  that  many  of  them  are  incurred  again  during 
the  repair  loop.  In  many  cases,  these  costs  are  greater  than  the  manhours'  costs  of  replacing  a  component 
and  it  is  necessary  to  give  serious  thought  at  the  design  stage  a6  to  whether  a  component  can  be  broken 
down  into  throwaway  modules.  This  may  increase  the  acquisition  costs  but  the  complete  elimination  of  the 
repair  loop  can  result  in  a  major  saving  in  support  costs.  This  decision  of  repair  v.  throwaway  must  be 
taken  at  the  design  stage  as  the  design  philosophy  in  each  case  can  be  quite  different.  It  should  be 
remembered  that  the  skill  level  required  to  replace  a  module  at  first  line  is  much  less  than  that  required 
to  repair  it  at  second  line. 

5.2.4  Unforeseen  Support  Costs 

Assuming  that  a  decision  has  been  made  that  an  item  is  to  be  regarded  a6  repairable  there  are 
many  areas  where  support  costs  can  be  greater  than  anticipated.  The  following  examples  illustrate  this 
point . 


Wrong  Diagnosis  This  originates  from  low  6kill  levels  or  the  use  of  wrong  or  inaccurate  te6t 
equipment.  This  can  escalate  costs  also  if  a  piece  of  "good"  equipment  is  put  into  the  repair  loop  with 
its  attendant  ancillary  costs  and  loss  of  availability.  Excessive  diagnostic  time  also  originates  from 
similar  causes.  Both  can  be  eliminated  by  built  in  test  equipment  and  on-board  health  monitoring  that 
will  pin  point  the  fault  automatically. 

Failure  to  Allow  For  Permissible  Component  Degradation  Most  components  degrade  over  the  life  of 
the  aircraft  and  allowance  for  this  is  made  in  the  specification.  Test  equipment  must  be  calibrated  so 
that  only  components  below  the  degraded  level  are  failed.  If  it  is  set  to  the  level  for  new  equipment 
many  components  will  fail  the  test  and  be  put  int^  the  repair  loop  whilst  still  serviceable. 

Careless  Handling  This  seems  to  be  increasing.  It  can  account  for  one  defect  in  every  ten. 
ilince  these  defects  are,  in  theory,  all  avoidable,  better  design  and  better  operator  education  could  show 
a  marked  reduction  in  support  costs. 

Wrong  Packaging  and  Labelling  This  is  allied  to  the  previous  example  and  is  also  avoidable  but  is 
unfortunately  becoming  more  prevalent.  It  can  cause  considerable  waste  of  time  and  loss  of  availability 
with  a  consequent  increase  in  support  costs.  An  item  in  the  wrong  stores  is  effectively  "lost"  since  it 
cannot  be  "retrieved"  by  the  computer. 

Poor  quality  Control  This  is  another  area  that,  in  theory,  can  be  eliminated  by  careful  inspection, 
but  in  practice,  it  accounts  for  one  third  of  all  faults  in  new  equipment.  If  spare  components  are  not 
tested  before  fitting  to  an  aircraft  there  is  a  one  in  three  chance  that  the  aircraft  will  still  be  unservice¬ 
able  after  the  "repair".  Thi6  is  an  important  area  that  is  often  forgotten  in  calculating  support  costs  and 
can  be  an  important  part  of  loss  of  availability  of  aircraft. 

5.2.5  Examples  of  Items  with  Unnecessarily  High  Support  Costs 

The  following  examples  of  high  support  cost  items  are  regarded  as  typical  of  those  encountered  in 
mechanical  systems  during  the  last  ten  years.  Most  of  the  defects  could  have  been  avoided  if  more  care  had 
been  taken  during  the  design,  manufacture  and  operation  of  the  components. 

h.2.5.1  Fuel  Tank  Float  Switches 

These  are  magnetically  operated  reed  switches  actuated  by  permanent  magnets  in  rising  or  falling 
floats.  They  are  used  to  operate  a  warning  lamp,  a  magnetic  indicator  or  a  relay  which  in  turn  opens  or 
closes  fuel  valves. 

‘>.2. 5. 1.1  Quality  Control 

quality  control  was  generally  found  to  be  poor  over  a  wide  spectrum  of  components  and  manufactu¬ 
rers  and  appears  to  be  a  reflection  of  a  general  lowering  of  standards.  Usually,  the  aircraft  itself  is 
not  affected  as  the  fault  is  found  before  the  component  is  installed  and  the  item  ;s  diverted  into  the 
repair  loop,  but  this  results  in  an  unnecessary  increase  in  support  costs.  In  the  c-ise  of  the  float  switch, 
rV  failed  the  airframe  manufacture's  acceptance  test,  resulting  in  unexpectedly  high  ancillary  costs 
caused  by  extra  paperwork ,  transport,  accounting,  inspection,  progress  and  programming  alterations.  The 
length  of  time  in  the  repair  loop  also  resulted  in  shortages  occurring  during  aircraft  build. 

High  Electrical  load 

Thin  resulted  in  burnt,  sticking  and  welded  switch  contacts  and  was  traced  back  to  poor  liaison 
at  the  design  stage  between  switch  manufacturer  and  airframe  manufacturer.  This  accounted  for  If  of  all 
defects  on  one  type  of  aircraft.  The  initial  specification  did  not  supply  sufficient  details  of  the  elec¬ 
trical  currents  and  associated  components  (although  to  be  fair  many  of  them  were  not  actually  defined  at 
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that  stage)  and  the  suppliers  literature  lacked  full  details  of  the  switches'  limitations.  Biirilarly  the 
qualification  testing  did  not  include  all  the  other  components  in  the  electrical  circuit. 

5.?. %1. 3  Hough  Handling 

This  type  of  defect  is  caused  mainly  during  transit  and  installation.  In  thi6  cose  it  accounted 
for  1T*>  of  defects  and  means  that  one  defect  in  every  ten  was  theoretically  avoidable.  Improved  packaging 
and  the  liberal  use  of  polystyrene  foam  should  have  reduced  this  type  of  defect  but  this  seems  to  have  been 
offset  by  an  increase  in  handling  breakages  before  and  after  packaging.  This  particular  switch  appears  at 
first  glance  to  be  a  relatively  robust  piece  of  equipment  and  there  is  no  indication  that  it  contains 
delicate  glass  reed  switches.  There  is  a  need  for  operator  education  to  impress  on  everyone  concerned 
that  all  aircraft  equipment  should  be  handled  with  care. 

Installation  and  Fitting  Problems 

Aircraft  fuel  tanks  are  not  normally  the  most  accessible  components.  If  accessibility  is  poor 
then  there  is  a  high  probability  that  a  component  as  fragile  as  a  float  switch  will  be  damaged  during  build 
or  in-service  replacement.  It  is  impossible  to  make  every  component  on  an  aircraft  equally  accessible  but 
designers  seem  more  concerned  about  fitting  a  component  into  the  space  allocated  for  it  on  the  drawing  than 
in  how  this  is  to  be  achieved  in  practice. 

In  one  particular  tank,  the  high  level  switch  had  an  apparent  failure  rate  many  times  higher 
than  the  switches  in  adjacent  tanks  and  yet  when  removed  from  the  tank  it  usually  proved  to  be  fully 
serviceable  and  the  fault  could  not  be  reproduced.  Because  in  this  case  the  designer  had  made  it  particu¬ 
larly  accessible  by  mounting  it  adjacent  to  the  filler  cap  the  fault  was  tolerated  for  many  years  until 
one  particularly  astute  engineer  discovered  that  the  float  could  be  fouled  by  the  filler  cap  retaining 
wire.  Moving  the  wire  attachment  point  to  the  other  side  of  the  opening  solved  the  problem. 

*5  Contamination  by  Fuel 

Because  the  internal  circuit  boards  were  ostensibly  sealed  against  fuel  ingress,  no  -attention 
was  paid  to  using  fuel -proof  materials.  A  higher  than  normal  failure  rate  for  the  seals  led  to  consequent 
failures  of  the  circuit  board  components.  Coating  the  finished  circuit  boards  with  fuel-proof  varnish 
would  have  prevented  these  failures  which  amounted  to  of  all  defects. 

Fuel  Transfer  Pump 

This  fuel  pump,  used  to  transfer  fuel  between  aircraft  fuel  tanks,  consists  of  an  impeller  driven 
by  a  3  -  phase  A.C.  flooded  motor.  It  contains  three  thermal  fuses  buried  in  the  motor  windings  to  prevent 
overheating  in  "run-dry"  or  ?  -  phase  supply  conditions. 

quality  Control 

As  in  the  previous  case  faults  due  to  poor  quality  control  were  extremely  high  (VP  of  all 
defects).  This  incidence  is  worrying  as  this  type  of  support  cost  is  not  usually  allowed  for  in  life 
Cycle  Costing. 

Thermal  Fuse  Operation 

The  thermal  fuses  were  not  renewable  except  by  rewinding  the  motor.  This  was  not  considered  to 
be  a  problem  at  the  design  stage  as  a  historical  survey  of  similar  motors  showed  that  the  probability  of 
overheating  was  very  small  and  the  fuses  were  only  included  to  prevent  a  possible  fire  hazard. 

On  one  particular  aircraft,  however,  unforeseen  problems  occurred  with  the  electrical  plug  and 
socket.  There  war,  a  lack  of  liaison  between  the  pump  manufacturer  and  the  airframe  manufacturer  with  the 
result  that  the  mating  pins  were  made  of  incompatible  materials  and  severe  electrolytic  corrosion  occurred. 
Added  to  this,  the  electrical  pins  in  the  plug  were  insufficiently  protected  against  rough  handling  and 
many  cases  of  bent  or  broken  pins  occurred.  1'he  net  result  was  loss  of  one  phase  and  ?0--  of  the  defects 
of  this  pump  were  caused  by  "blown"  thermal  fuses  with  consequent  scrapping  of  the  motor  windings.  This 
again  caused  high  support  costs  and  shortage  of  spares. 

c>.T.r>.,j  Scratched  Transparencies 

It  was  noticed  on  a  certain  fighter  aircraft  that  the  port  windscreen  transparency  was  being 
re; laced  because  of  both  internal  and  external  scratches  twice  as  often  ns  the  starboard  one.  An  investi¬ 
gation  showed  that  the  external  surface  was  being  scratched  by  the  pilot's  pers.or.nl  equipment  connector  as- 
he  entered  the  cockpit  and  that  the  coaming  on  the  inside  formed  a  convenient  shelf  or.  which  to  rent  n  tool 
box  when  working  inside  the  cockpit.  Hence,  the  support  costs  for  the  port  transparency  were  twice  those 
of  the  starboard  one. 

B.4  Hydraulic  Oil  Filter 

whilst  inflation  affects  both  materia]  and  labour  costs,  it  is  important  to  recognise  that  they  do 
not  necessarily  increase  at  the  same  rate.  When  a  hydraulic  system  was  being  designed  1‘  years  ago  a 
decision  was  required  on  whether  to  use  a  disposable  or  rleanable  hydraulic  oil  filter  element.  The  <:c;  t 
of  cleaning  an  element  then  was  half  the  cost  of  a  disposable  one,  so  the  rleanable  one  wan  chosen*  Today, 
the  cost  of  cleaning  the  element  is  of  the  cost  of  a  disposable  one.  Another  unexpected  finding  war- 

that  of  all  elements  removed  are  found  to  have  broken  or  distorted  elements,  which  necessitates  replace¬ 

ment  at  twice  the  cleaning  cost. 


17-8 


5*2. 5*5  Hydraulic  Pump 

This  illustrates  the  difficulty  of  forecasting  support  costa  of  new,  untried  equipment.  Several 
years  ago  a  new  type  of  pump  appeared  on  the  market.  For  a  given  performance,  this  pump  offered  attractive 
savings  in  cost  and  weight  and  the  predicted  reliability  was  equal  to  that  of  existing  pumps.  Its  first 
application  to  a  commercial  aircraft  was  very  successful  and  on  this  record  it  was  selected  in  an  uprated 
version  for  a  military  aircraft.  Initial  qualification  tests  were  very  successful  but  the  first  production 
pumps  suffered  from  a  high  infant  mortality  rate.  The  manufacturer  blamed  his  subcontractors  and  tightened 
his  specifications  and  inspection  procedures.  This  had  very  little  effect  and  several  modifications  were 
proposed  and  accepted.  After  two  years  in  service  the  infant  mortality  rate  had  been  halved  but  the  overall 
MTBF  was  only  500  flying  hours.  After  three  years  this  had  increased  to  600  hours  but  one  year  later  it 
had  reduced  to  500  hours.  At  this  point  the  predicted  Life  Cycle  Costs  over  the  next  ten  years  were  re¬ 
calculated  and  compared  with  the  costs  of  completely  re-equipping  the  fleet  with  an  older  conventions] 
pump.  Completely  re-equipping  the  fleet  showed  an  estimated  saving  of  #  3F  including  initial  cost, repair 
costs  and  support  for  the  original  pump  over  the  phase  -  out  period,  so  the  changeover  was  authorised. 

When  the  ten  years  are  up  it  will  be  interesting  to  see  how  accurate  the  revised  Life  Cycle  Cost  has  been. 

5. 2*5.6  Air  Pressure  Regulating  Valve 

This  valve  was  used  to  control  the  pressure  of  hot  air  fed  into  the  air  conditioning  system  from 
the  engines.  During  the  first  production  run  a  batch  of  castings  happened  to  be  porous.  The  foundry  later 
claimed  that  they  could  not  have  discovered  this  without  extensive  inspection  which  they  did  not  consider 
to  be  necessary.  After  machining,  the  porosity  was  obvious  to  the  naked  eye  and  an  unsuccessful  attempt 
wa6  made  to  seal  the  valves.  They  were  completed  and  sent  to  the  airframe  manufacturer  where  they  were 
rejected  causing  an  acute  shortage  of  units  on  early  build  aircraft.  This  is  really  a  failure  of  the 
financial  system.  Where  a  subcontractor  is  paid  on  delivery,  irrespective  of  whether  the  unit  is  subse¬ 
quently  rejected,  there  can  be  no  incentive  to  provide  meticulous  inspection,  even  if  a  warranty  is 
involved,  as  cash-flow  becomes  an  over-riding  factor.  This  is  compounded  in  many  cases  where  a  rejected 
item  enters  the  repair  loop  under  a  completely  different  accounting  system.  However,  from  the  aircraft 
purchaser'6  point  of  view  there  is  no  way  in  which  this  can  be  described  as  a  cost  effective  system. 

5.2.6  Human  Factors 

These  few  examples  (mostly  taken  from  Ref.  1)  show  that  predicted  values  of  reliability  based  on 
random  failures  do  not  allow  for  the  human  factors  involved  in  the  majority  of  defects.  A  survey  of  over 
4000  defects  in  aircraft  mechanical  systems  revealed  that  most  defects  were  related  to  the  internal  opera¬ 
ting  conditions  of  the  component  (contamination,  vibration,  temperature,  etc.)  or  to  poor  quality  control 
during  manufacture.  Very  few  were  related  to  the  external  environment  conditions  of  the  aircraft.  This 
is  illustrated  by  the  following  table. 
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2% 

'3% 

9% 

16A 
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This  confirms  that  if  we  wish  to  reduce  our  support  costs  we  should  concentrate  our  efforts  on 
improving  quality  control  at  source,  better  operator  education  and  making  the  design  teams  more  reliability 
consc ious. 

6.  CONCLUSIONS 

Life  Cycle  Cost6  comprise  acquisition  costs,  operational  costs  and  ruj port  costs  and  their  successful 
forecasting  requires  extrapolation  from  an  accurate  data  bane.  However,  aircraft  technology  advance.* 
rapidly  and  the  components  of  the  data  base  are  not  stable.  The  extrapolation  requires  considerable  in¬ 
sight  and  expertise  if  it  is  to  provide  an  accurate  interpretation  of  future  costs. 

Life  Cycle  Costing  is  too  involved  a  subject  to  be  solved  by  conventional  accounting  techniques  which 
depend  on  the  extrapolation  of  historical  data.  It  encompasses  a  breadth  of  exjenencr  that  involves  many 
different  disciplines,  not  least  of  which  is  the  basic  enrinepring  of  the  aircraft.  Although  based  on 
scientific  principles,  engineering  also  requires  a  certain  amount  of  intuition  which  can  only  be  acquired 
through  practical  experience. 

Accountants  always  seen  slightly  puzzled  an  to  why  everything  always  costs  a  little  more  than  they 
have  estimated,  no  matter  how  many  contingency  allowances  are  include  1  in  their  estimates.  I  nope  this 
paper  will  have  contributed  a  little  towards  their  enlightenment. 
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ABSTRACT 


Today's  weapon  system  designers  are  faced  with  the  challenge  as  well  as  the  requirement  to  balance 
performance,  schedule  and  life  cycle  cost  (LCC)  during  the  design  and  development  of  any  new  weapon  sys¬ 
tem.  This  paper  discusses  the  application  of  the  life-cycle  cost  analysis,  the  significant  design  and  manu¬ 
facturing  cost  drivers,  and  the  techniques  used  to  assess  LCC  during  the  different  phases  of  weapon  system 
development.  The  paper  also  presents  an  illustrative  ease  study  showing  the  benefits  of  the  application  of 
life-cycle  costing  on  availability,  sustained  sorties,  and  support  requirements. 

I.  INTRODUCTION 


Inflation  and  budget  restrictions  during  the  past  several  years  have  reduced  the  availability  of  funds 
for  the  procurement  and  operations  of  weapon  systems.  Consequently,  tradeoffs  among  performance,  sched¬ 
ule  and  life  cycle  cost  (LCC)  have  become  a  much  more  important  part  of  the  evolution  of  the  weapon  system 
design.  This  paper  discusses  the  Balanced  Design  approach  in  which  LCC  analysis  is  used  during  the  evo¬ 
lution  of  a  weapon  system  to  assist  in  the  balance  of  performance,  schedule,  and  cost.  The  paper  also  identi¬ 
fies  the  major  cost  drivers  and  techniques  used  to  establish  life  cycle  cost.  For  this  paper,  the  term  LCC  is 
used  to  denote  the  cost  for  development,  procurement  and  peacetime  operations  of  a  weapon  system.  A 
typical  fighter  aircraft  LCC  includes  development  cost  (10),),  procurement  cost  (35%),  and  15  year 
operations  and  support  (OiS)  cost  (55%).  The  major  cost  categories  and  elements  of  LCC  are: 

Development  Cost.  Includes  the  cost  of  design  and  development,  test  and  evaluation,  flight  test  support 
(e.g.,  ground  support  equipment  (GSE),  spares,  and  personnel),  and  data  (e.g..  test  reports,  stress 
reports)  for  the  new  aircraft  system.  Approximately  90  percent  of  t His  cost  category  is  attributed  to 
the  design,  manufacturing,  and  testing  activities  of  ttie  new  aircraft  system.  The  cost  of  the  develop 
ment  activity  is  driven  by  the  mission  capabilities  (air-to-air  vs.  air  to  air  and  air-to-ground),  physical 
characteristics  (size,  weight,  etc.),  and  RiM  (reliability  and  maintainability)  characteristics  (MTliF. 
MTTR.  etc.)  of  the  new  aircraft  design. 

Procurement  Cost.  Includes  the  flyaway  cost  (airframe,  engine(s).  and  avionics),  initial  support  (GSE, 
spares,  training  and  training  equipment,  and  inventory  entry  and  management),  system  project  manage 
ment.  test  and  evaluation,  data  (e.g..  technical  publications,  training  manuals)  and  facilities  for  the 
new  aircraft  system.  Approximately  95%  of  this  category  p  attributed  to  flyaway.  GSE.  and  initial 
spares  cost.  Procurement  cost  is  driven  by  mission  capabilities.  K»M  characteristics,  number  of  bases, 
maintenance  concept  and  training  system  requirements. 

Operations  and  Support  Cost .  Includes  the  cost  elements  of  personnel,  replenishment  spares,  depot 
maintenance,  base  maintenance  material,  fuel,  item  management,  replacement  training,  modifications, 
and  facilities.  Approximately  85  percent  of  the  cost  of  t His  element  is  attributed  to  personnel  require 
ments.  replenishment  spares,  depot  maintenance,  base  maintenance  material  and  fuel  of  the  new  aircraft 
system.  The  O&S  costs  are  driven  by  the  maintenance  concept,  MF1IHF  (mean  flight -hours  between 
failure),  unit  equipment  cost,  overhaul  intervals,  fuel  consumption  rate,  force  size,  and  utilization  rate. 

II.  APPLICATION  OF  LIFE  CYCLE  COST  ANALYSIS 

The  tradeoffs  among  performance,  schedule  and  cost  involve  many  complex  and  related  parameters  (e.g.  . 
range,  payload,  materials,  production  rate,  weight  reliability  and  maintainability).  LCC  is  used  to  quantify 
these  parameters  and  establish  a  figure  of  merit  for  selecting  among  alternative  concepts,  configurations  and 
design.  The  pricipal  application  areas  for  LCC  analysis  are:  (1)  design  and  analysis.  (2)  source  selection, 

(3)  program  management,  and  (-1)  support  resources  planning. 

Design  and  Ananlysis 

In  the  design  and  analysis  of  a  new  weapon  system,  LCC  can  tie  used  to  support  trade  studies,  equip 
ment  selections,  and  configuration  refinements.  During  the  design  and  analysis  process  .  uiost  relevant  de 
sign  parameters  (e.g.,  weight,  materials.  K&M.  etc.)  can  be  reduced  /  related  to  <  ost  estanates  and  call  tie  used 
as  decision  parameters.  This  process  provides  (lie  designers  a  full  knowledge  and  understanding  ol  the  cost 
benefit  /penalty  of  the  design  decisions.  Figure  I  presents  Die  "Design  to  Life  Cycle  Cost"  (DILI  C>  process 
that  can  lie  employed  to  develop  the  LCC  estimates  used  m  the  design  decision  making  process. 


The  DTLCC  process  provides  the  designers  and  program  managers  a  systematic  approach  of  assessing 
the  relevant  design  parameters.  The  greatest  opportunity  to  reduce  LCC  and  improve  performance  is  during 
the  conceptual  /prototype  phase  and  the  initial  months  of  I  ull  Scale  Development  (ESDI.  The  funds  expended 
during  this  time  period  are  rattier  small  in  comparison  with  the  total  system  LCC.  Nevertheless  ,  the  design 
decisions  made  during  this  period  have  profound  cost  implications  on  the  procurement  and  operations  and  sup 
port  cost.  Many  mist  benefits  can  tie  derived  by  a  concerted  effort  to  apply  LCC  early  in  t  lie  system  development 
phRs«* . 
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FIGURE  1.  DESIGN  TO  LIFE  CYCLE  COST  PROCESS 


Source  Selection 

A  significant  part  of  the  aircraft  I.CC  is  driven  by  the  equipment  selected  from  suppliers.  A  large  por 
tion  of  an  aircraft's  failure  rate  and  maintenance  requirements  is  directly  affected  by  the  selected  equipment. 
The  ability  to  impose  and  control  the  equipment  of  the  suppliers  plays  an  important  role  in  the  achievement  of 
the  aircraft  I.CC  objectives /goals.  The  first  step  is  to  incorporate  I.CC  requirements  into  the  procurement 
specifications.  In  the  establishment  of  the  procurement  specifications.  I.CC  sensitivity  analysis  can  he  per 
formed  to  arrive  at  a  set  of  equipment  parameters  which  will  provide  a  balanced  solution  of  performance,  cost 
und  schedule  for  that  equipment.  The  desired  parameters  (e.g..  reliability,  maintainability,  etc.)  arc  incor¬ 
porated  in  the  procurement  specifications  and  become  contractual  requirements  imposed  on  the  suppliers. 

Once  the  balanced  procurement  specification  for  the  equipment  has  been  established,  the  next  step  is  to 
select  the  supplier  which  can  meet  the  specification.  I.CC  analysis  is  used  to  assess  each  supplier's  proposal/ 
submittals.  I.CC  analysis  is  also  used  to  assess  the  cost  implications  of  different  design  parameters  among  alter¬ 
native  submittals.  Because  suppliers'  proposals  may  exceed  or  Cull  short  of  the  specification  requirements,  the 
evaluation  of  the  proposals  must  be  put  on  a  comparable  basis.  If  not.  the  evaluation  might  be  based  on 
erroneous  information,  resulting  in  the  selection  of  the  wrong  supplier.  For  example,  three  suppliers  of  a 
piece  of  equipment  provided  the  data  shown  in  Figure  2.  If  the  evaluation  was  based  solely  on  the  submitted 
proposal,  supplier  A  LCC  would  appear  lower  than  that  of  the  other  suppliers.  In  order  to  have  a  better 
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FIGURE  2.  INITIAL  LCC  ANALYSIS 


understanding  of  the  suppliers’  proposals,  the  three  suppliers  were  asked  to  provide  their  development  costs 
and  unit  procurement  costs  sensitivity  to  variations  in  design  parameters.  Figure  3a  presents  part  of  the 
suppliers'  response.  The  11  points  represent  the  suppliers'  initial  submittal.  Supplier  C  equipment  was 
designed  to  a  much  higher  MTHF  than  either  supplier  A  or  B  and  with  a  correspondingly  higher  development 
and  procurement  cost.  Using  the  same  MTRF  for  each  supplier  resulted  in  a  reversal  of  I.CC  rank  order,  as 
shown  in  Figure  3b.  Consequently,  supplier  C  was  selected. 


A.  SUPPLIER  INPUT 


B.  LCC  COMPARISON 
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FIGURE  3.  LCC  ANALYSIS 


To  ensure  that  the  procured  equipment  can  und  will  meet  the  procurement  specifications,  tracking  and 
monitoring  of  the  selected  supplier's  progress  is  a  requirement.  LCC  analysis  can  be  extremely  useful  in  this 
task.  Based  on  the  procurement  specifications,  LCC  analysis  can  establish  the  equipment  LCC  baseline.  Sub 
sequent  changes  to  the  equipment  parameters  (e.g..  reliability,  maintainability,  unit  cost,  etc.)  can  be  eval¬ 
uated  to  determine  the  impact  on  the  baseline  LCC,  and  deviations  from  the  LCC  baseline  can  be  monitored. 

If  the  equipment  LCC  estimate  is  exceeding  the  baseline,  corrective  actions  can  be  imposed  on  the  supplier. 

Program  Management 

Today.  LCC  and  O&S  cost  objectives  are  being  imposed  as  part  of  the  contractual  requirements  to  make 
cost  equal  in  importance  with  performance  and  schedule.  A  program  manager  now  must  pay  as  much  attention 
to  O&S  cost  as  to  acquisition  cost,  performance  und  schedule.  In  order  to  meet  the  contractual  LCC  objectives, 
the  program  manager  must  quantify  LCC  drivers  and  the  influence  of  design  on  cost .  With  the  quantification 
of  the  LCC  drivers,  the  program  manager  can  establish  "design-to"  objectives  (e.g.,  unit  cost,  reliability 
maintainability,  weight,  etc.)  for  each  of  the  major  subsystems  and  assign  these  objectives  to  the  subsystem 
design  managers.  These  objectives  are  used  by  the  design  managers  in  the  design  of  their  subsystems.  This 
gives  the  individual  subsystem  manager  and  designer  the  responsibility  of  achieving  contractual  LCC  objectives. 

As  the  design  evolves,  LCC  analysis  can  be  used  to  track  and  monitor  the  design  changes  and  their 
effect  on  aircraft  LCC.  LCC  analysis  provides  the  program  manager  visibility  of  the  LCC  program.  If  the 
evolving  design  LCC  estimates  exceed  the  LCC  target,  the  manager  can  initiate  actions  and  coordinate  trade 
offs  among  different  subsystems. 

Support  Resources  Planning 

LCC  analysis  is  used  to  evaluate  the  alternative  support  resource  requirements.  The  objective  of  sup¬ 
port  resources  planning  is  to  develop  support  plans  that  will  provide  the  needed  resources  to  achieve  the  op 
e rational  requirements  (e.g..  operational  ready  (OR)  rate,  sortie  capabilities)  of  the  new  system.  During 
the  system  design  process,  extensive  analysis  should  be  performed  to  assess  the  support  requirements  and 
resources  needed  for  the  new  aircruft  system.  A  great  deal  of  the  O&S  cost  is  driven  by  the  evolving  design, 
but  there  are  other  significant  O&.S  cost  drivers  which  must  be  assessed.  These  contributors  can  include  such 
requirements  as  the  maintenance  policy,  training  and  training  equipment,  USE,  deployment  concepts,  and 
utilization. 

III.  COST  DRIVERS 


The  lesign  of  the  aircraft  has  an  impact  on  all  cost  elements  of  the  aircraft  LCC,  The  aircraft  design  is 
driven  by  the  user's  performance,  specifications,  and  the  O&S  objectives.  The  performance  requirements  for 
an  aircraft  are  generally  expressed  as  range,  paylond,  speed,  altitude  and  mission  roles  (air  to  air  only  vs. 
air-to-air  and  air  to-ground ) .  The  specification  requirements  include  material,  corrosion  control  and  fatigue 
life.  The  OiS  objectives  cover  the  MTBF,  MTTR,  deployment  concept  and  utilization  rates. 

The  requirements  shown  in  Figure  4a  are  examples  of  factors  that  influence  the  evolving  design.  The 
following  example  is  presented  to  illustrate  this  point.  The  example  addresses  one  aspect  of  the  process  of 
establishing  the  criteria  for  the  selection  of  the  engine.  Engine  characteristics  that  influence  aircraft  LCC 
include  engine  thrust-to-weight  ratio,  specific  fuel  consumption,  length,  diameter,  and  airflow.  For  subsonic 
to  Mach  2  class  aircraft,  the  cost  drivers  are  engine  thrust-to  weight  (T/W)  and  mission  average  specific  fuel 
consumption  (MASFC).  Improvements  in  T/W  or  MASFC  result  in  a  smaller  aircraft  to  perform  the  same  mis 
sion,  and  conversely  a  smaller  aircraft  will  have  a  lower  LCC,  all  other  things  being  equal.  For  this  example, 
the  aircraft  mission  capability  was  held  constant.  The  values  of  T/W,  MASFC  and  LCC  arc  normalized  to  1.(1. 
The  range  of  variation  in  T/W  and  MASFC  is  t25  percent.  Figure  4b  shows  the  sensitivity  of  the  LCC  to 
variations  in  T/W  and  MASFC. 
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A.  TYPICAL  DESIGN  COST  DRIVERS 


B.  RESULTS  OF  LCC  ANALYSIS 
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FIGURE  4.  EFFECT  OF  DESIGN  COST  DRIVERS  ON  LCC 


Performance,  specification,  and  O&S  requirements  drive  the  design  (e.g.,  size,  configuration,  weight), 
and  influence  manufacturing  cost.  Material  selection  can  be  driven  by  the  weight  objective  of  the  aircraft 
system.  In  order  to  meet  a  specified  weight  objective  of  the  aircraft,  extensive  usage  of  titanium  in  lieu  of 
aluminum  might  be  required,  which  has  a  definite  impact  on  the  manufacturing  cost.  Figure  5a  shows  some  of 
the  manufacturing  cost  drivers,  and  Figure  5b  presents  an  example  of  the  cost  implication  of  changes  in  manu 
factoring  process. 

An  LCC  analysis  was  performed  to  assess  the  cost  impact  of  manufacturing  components  either  by  machining 
or  forging.  The  finished  part  under  investigation  is  the  same  for  both  processes.  The  analysis  shows  that  the 
initial  cost  for  the  machined  parts  is  minimal,  whereas  the  initial  cost  for  the  forging  is  rather  large,  but  the 
recurring  cost  for  the  forged  part  is  lower.  From  the  analysis,  a  solution  for  designing  the  part  is  based  on  tin 
total  program  LCC  relative  to  the  number  of  units  produced. 


A.  TYPICAL  MANUFACTURING  COST  DRIVERS 
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FIGURE  5.  EFFECT  OF  MANUFACTURING  COST  DRIVERS  ON  LCC 


Figure  fin  presents  typical  OiS  cost  drivers  of  an  aircraft  system.  The  principal  (HS  parameters,  namely. 
MTBF,  remove -and  replace  time,  base  versus  depot  repair,  MTTR.  and  unit  spares  costs,  are  determined  by 
the  design  configuration  and  equipment  selection.  For  example,  the  quantity  of  spares  required  and  the  main 
tenance  frequency  of  the  equipment  is  influenced  by  the  equipment  MTBFs  and  MTTRs.  Fuel  cost  is  driven  by 
the  fuel  consumption,  aircraft  configuration,  engine  characteristics  and  mission  durations.  The  sensitivity  of 
LCC  to  variations  in  aircraft  MTBF  are  presented  in  Figure  fib.  The  figure  shows  the  influenee  of  improve 
ments  of  reliability  on  cost.  That  is,  an  improvement  in  system  MTBF  decreases  the  relative  (HS  cost.  How 
ever,  the  savings  in  (HS  cost  are  diminished  by  the  higher  acquisition  cost  required  to  achieve  the  MTBF 
objectives . 
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A.  TYPICAL  O&S  COST  DRIVERS 


B.  RESULTS  OF  SENSITIVITY  ANALYSIS 
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•  MAINTENANCE  CONCEPT 

•  UTILIZATION  RATE 


FIGURE  6.  EFFECT  OF  0& S  COST  DRIVERSON  LCC 
IV.  LCC  ESTIMATING  METHODOLOGIES 

In  order  to  provide  timely  and  appropriate  LCC  estimates  and  comparisons  of  competing  designs,  LCC 
estimating  methodology  must  be  tailored  to  the  information  available.  The  techniques  can  be  classified  into 
total  system  para  metrics ,  subsystem  parametrics,  and  detailed  analysis.  Figure  7  presents  various  types  of 
cost  estimating  relationships  (CEKs)  by  program  phase,  the  possible  usage  for  each  type,  and  the  accuracies 
that  can  be  expected. 


EXPECTED 

TYPE 

ACCURACY 

•  TOTAL  SYSTEM  PARAMETRICS  (CGNCEPTUAL/PROTOT  YPE/FSD) 

+30% 

-  WEIGHT  -  SEC 

-SPEED  -  NUMBER  OF  ENGINES 

-  THRUST 

•  SUBSYSTEM  PARAMETRICS  (PROTOT YPE/FSD) 

+  15%-  25% 

-  ELECTRONIC  EQUIPMENT  MODELS 

-  MISSILE  MODELS 

-  AIRFRAME  &  BASIC  STRUCTURES  MODELS 

•  DETAILED  ANALYSIS  (FSD/PRODUCTION) 

+  10% 

-  DETAIL  ESTIMATING 

-  TASK  TIME  ANALYSIS 

-  ANALOGY 

-  SUPPLIER  QUOTES 

-  SCALING 

FIGURE  7.  LCC  ESTIMATING  METHODOLOGIES 


TotaJ  System  Parametrics 

because  of  limited  hardware  definition  during  the  early  stages  of  a  program,  parametric  cost  estimating 
is  used  to  estimate  total  program  cost.  Parametric  cost  estimating  uses  mathematical  relationships  derived 
from  historical  cost  data.  Total  system  parametric  CKRs  offer  obvious  advantages  because  the  LCC  estimates 
can  be  generated  with  minimum  amount  of  imputs  required.  Such  CKRs  are  used  to  assess  top-level  total  svs 
tern  cost.  A  typical  example  is  shown  in  the  following  linear  relationship. 

Air  Vehicle  Cost  A  +  H  •  (Weight)  +  C  -  (Thrust.  +  1)  •  (Speed), 
where  A  fixed  cost  constant. 

R.C.l)  parameter  coefficients 

This  type  of  CF.K  \>  acceptable  for  use  in  the  analysis  of  generic  weapon  systems  for  long  range  planning.  Tin 
main  disadvantages  are  its  insensitivity  to  the  impact  of  subelement  and  design  alternatives  and  inherent  iliac 
curacies  in  not  being  able  to  adjust  the  historical  data  to  a  common  base.  Tin*  difficulty  of  adjusting  historical 
data  to  a  common  base  can  be  attributed  to  (1)  variation  in  the  economy,  technology  and  manufacturing  tech 
nique,  (2)  differences  in  production  buildup  and  production  rate,  and  (3)  inconsistency  in  the  company’s  rate 
gorization  of  costs.  With  the  aforementioned  adjustment  difficulties,  the  expected  accuracy  of  the  total  system 
parametrics  is  f30  percent. 

Subsystem  Parametrics 

Subsystem  parametrics  cost  methodology  provides  the  capability  to  perform  trade  studies  and  establish  a 
level  of  cost  that  reflect  the  design  .  manufacturing  and  O&S  cost  drivers.  The  (TPs  can  lx*  developed  using 
today's  cost  for  the  acquisition  and  support  of  comparable  systems.  The  CKRs  of  the  subsystem  require*  a 
greater  amount  of  technical  input,  and  the  expected  accuracy  correspondingly  improves  to  *  K»:  to  2!i>.  The 
advantage  of  the  subsystem  parametric  method  compared  with  the  total  system  parametric  method  js  the  impmvi 
ability  to  perform  subsystem  trade  studies.  Figure  H  provides  examples  of  appropriate  subsystem  parameters. 
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ELECTRONIC 

EQUIPMENT 

•  WEIGHT 

•  VOLUME 

•  DESIGN  COMPLEXITY 

•  MANUFACTURING  COMPLEXITY 

•  OISSIPATEC  POWER 

•  AMOUNT  OF  NEW  OESIGN 
t  INTEGRATION  EFFORT 


MISSILES 

•  SEEKER  WEIGHT 

•  SEEKER  TYPE 

•  FUZE  WEIGHT 

•  FUZE  TYPE 

•  MOTOR  WEIGHT 

•  MISSILE  ORAG 

•  MISSILE  WEIGHT 


AIRFRAMES  &  BASIC 
STRUCTURES 

•  COMPONENT  NUMBER  &  WEIGHTS 

•  WETTED  SURFACE 

•  DESIGN  GEOMETRY 

•  DESIGN  LOADS/OYNAMIC  PRESSURE 

•  FUEUNERTIA 

•  OAMAGE/REPAIR  SUSCEPTIBILITY 


FIGURE  8.  SUBSYSTEM  PARAMETERS 


Detailed  Analysis 

The  cost  estimating  methodology  based  on  detailed  analysis  is  employed  where  there  is  sufficient  defini¬ 
tion  of  the  system /subsystem  under  consideration.  The  basic  methods  and  approach  should  be  tailored  to  the 
level  of  the  detail  hardware  descriptions.  The  methods  used  include:  (1)  detailed  cost  estimates  involving 
the  application  of  industrial  engineering  standard  hours  and  the  assessment  of  manloading  requirements;  (2) 
analogs  that  relate  costs  of  existing  hardware  to  new  hardware;  (3)  subcontractor  and  supplier  quotes;  and 
(4)  scaling/parametric  CERs  for  components. 


During  the  detailed  analysis,  specific  attention  should  be  placed  on  both  the  design1  and  programmatic 
cost  drivers,  such  as  the  impacts  of  material  application,  subsystem  design,  test  requirements,  reliability  and 
maintainability,  production  gaps,  rate  buildup,  improvement  curves,  funding  requirements,  and  long-lead 
requirements.  Figure  9  presents  the  detail  components  used  in  LCC  analysis  relationships.  The  accuracy  of 
this  method  improves  to  ±  10%. 


LCC  COST 
ELEMENTS 


PARAMETERS 


TECHNIQUES 


•  UNIT  PROCUREMENT 

•  SPARES 

•  BASE  MAINTENANCE 

•  DEPOT  MAINTENANCE 

•  FUEL 

•  SUPPORT  EQUIPMENT 

•  FACILITIES 

•  DATA 


•  MANUFACTURING 
TECHNOLOGY 

■  MTBF 

•  MTTR 

•  CONDEMNATION  RATES 

•  REPAIR  TIMES 

■  BASE/0EP0T  REPAIR 

•  UNIT  SPARES  COST 

•  DESIGN  LIFE 


9  DETAIL  ESTIMATING 

•  TASK  TIME  ANALYSIS 

•  ANALOGY 

•  SUPPLIER  QUOTES 

•  MAINTENANCE  ENGINEERING 
ANALYSIS 

•  DEPOT  STANDARDS 

•  STATISTICAL  ANALYSIS 

•  SCALING 


FIGURE  9.  DETAIL  COMPONENTS  USED  IN  LCC  ANALYSIS 


V.  CASE  EXAMPLES 


The  following  examples  are  presented  to  illustrate  how  LCC  analysis  is  used  during  the  development  and 
evaluation  of  n  weapon  system.  The  examples  given  touch  upon  the  different  applications  areas  of  LCC. 

Design  and  Analysis 

The  opportunity  to  improve  performance  and/or  reduce  life  cycle  cost  is  the  greatest  during  the  early  phases 
of  design  and  analysis.  The  following  example  illustrates  how  LCC  analysis  was  employed  in  the  selection  of  the 
engine  for  a  new  aircraft.  During  the  conceptual  phase,  the  aircraft  designers  assessed  the  user's  require, 
ments  and  determined  the  desired  engine  characteristics  (c.g.,  thrust  to  weight,  specific  fuel  consumption 
rate.  etc.).  Based  on  the  preliminary  assessment,  LCC  estimates  were  developed  for  existing  engines  and  ne.v 
engines  with  the  desired  engine  characteristics.  The  results  of  the  LCC  assessments  are  presented  in  Figure 
10a.  From  the  analysis,  significant  cost  differences  were  obtained  between  the  existing  engines  versus  the 
new  engine.  The  decision  was  made  to  use  the  new  engine  for  the  aircraft  under  development.  The  reasons 
for  the  cost  differences  are  summarized  in  Figure  10b. 


A.  ENGINE  LCC  COMPARISON  B.  ENGINE  LCC  IMPROVEMENT 


NEW 

(0 

OLD 

(B) 

•  PART  COUNT 

IS, 000 

20.000 

•  MEAN  FLIGHT  HRS  BETWEEN  FAILURE  (MTBF) 

2 SO  HR 

ISO  HR 

•  BASE  REPAIR  RATE 

90S 

60% 

«  BASE  DIRECT  MANHOURS/FLIGHT  HOUR 

10 

20 

•  DEPOT  MANHOURS/OVERHAUL 

1000 

2.000 

•  PERCENT  INITIAL  SPARES  COST 

ITS 

25S 

•  ENGINE  UNIT  COST 

SSS0K 

S600K 

NEW  ENGINE  DESIGN  LCC  COST  30%  LOWER  THAN 
OLD  DESIGN 


EXISTING  ENGINES  NEW 


FIGURE  10  ENGINE  SELECTION  LCC  ANALYSIS 


Kquip ment  Selection 


IS 


Applications  of  the  Designto-I.CC  concept  to  the  equipment  selection  also  have  high  payoffs.  The  follow¬ 
ing  example  illustrates  the  benefit  that  can  be  obtained  by  using  the  DTI.CC  concept  to  aid  in  the  design  of  a 
subsystem.  The  example  addresses  an  I.CC  assessment  to  determine  the  Auxiliary  Power  Unit  (APU)  design- 
related  MTBF  that  provides  the  lowest  cost  solution,  l.ife  cycle  cost  assessments  were  performed  for  APU 
MTBFs  of  800.  100D,  and  1200  ht  urs.  The  results  shown  in  Figure  11  are  as  expected.  Acquisition  cost  in¬ 
creases  with  an  increase  in  reliability  (MTBF)  requirement,  at  a  relatively  constant  rate  within  a  eer'  in  range 
of  MTBFs.  Beyond  this,  the  rate  of  change  in  acquisition  cost  increases  dramatically,  most  likely  be  -a use  of 
costly  design  changes  necessary  to  meet  the  higher  reliability  requirements. 
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FIGURE  11.  MTBF  VS.  COST  AUXILIARY  POWER  UNIT  (APU) 


Figure  J1  also  shows  th...  the  associated  O&S  cost  generally  decreases  with  increasing  MTBF.  However, 
the  extreme  end  of  the  O&S  cost  curve  reverses  and  starts  to  increase  rather  than  continue  to  decrease  as 
might  be  expected.  At  higher  MTBFs,  the  spares  and  maintenance  requirements  are  not  decreasing  enough  lo 
offset  the  higher  unit  cost  for  the  spares.  The  selected  MTBF  at  950  hours  for  the  APU  appears  to  be  the 
lowest  cost  solution. 

S upport  Planning 

Design- to- I.CC  was  used  to  evaluate  the  cost  implieations/henefits  of  Maintenance  Condition  Reporting 
Systems  (MCRS).  The  example  shown  in  Figure  12  summarizes  a  study  that  was  performed  to  evaluate  the  O&S 
costs  for  a  fighter  aircraft  equipped  with  and  without  MCRS.  MCRS  provides  in  flight  monitoring  of  primary 
aircraft  systems,  improved  flight  line  fault  isolation  and  malfunction  analysis.  These  factors  result  in  resource 
savings  of  sp  re.  personnel,  fuel.  etc.  The  assessment  was  based  on  a  flying  program  of  Hint)  Right  hours  per 
aircraft . 


WITHOUT  MCRS  WITH  MCRS 

DEVELOPMENT  5 

PROCUREMENT  -  45 

OPERATIONS  &  SUPPORT  380  170 

A  LCC  380  220 

A  LCC  ADVANTAGE  160 


FIGURE  12.  AAIHCRAFT  LCC  (MILLIONSS) 


Additional  boiii  I'i'  ,  call  be  derived  from  the  incorporation  of  the  MCRS  equipment  .  but  they  were  not 
quantil'h  d  in  the  gi\*  n  *  v  "aple.  Fur  example,  the  MCltS  increases  aircraft  opera' tonal  ready  rate  by  the 
extension  of  the  engne  pe’aodic  inspection  interval,  reduction  in  troubleshooting  time,  trim  requirements 
and  functional  check  nigh:  -. 


18-8 


VI.  SUMMARY 


The  LCC  is  one  of  the  figures  of  merit  thut  aid  in  the  evaluation  of  the  alternatives  during  the  decision¬ 
making  process.  Balanced  Design  as  a  possible  minimum  cost  solution  of  a  new  or  modified  weapon  system  can 
only  be  achieved  by  the  willingness  and  determination  of  the  users,  designers  and  Program  Managers  to  trade 
between  performance,  schedule  and  cost.  The  requirement  to  uchieve  a  "Balanced  Design"  and  the  use  of  LCC 
to  establish  "Target  LCC's"  in  the  early  phase  of  the  program-must  be  used  as  a  control  throughout  the  acqui¬ 
sition  phase  of  the  program.  Program  managers  and  designers  must  remember  that  the  lowest  acquisition  cost 
solution  for  any  one  phase  of  the  program  is  generally  noi  the  minimum  l.CC  solution  for  the  program. 


GLOSSARY 

APU 

Auxiliary  Power  Unit 

M 

Maintainability 

BIT 

Built-In-Test 

MEA 

Maintenance  Engineering  Analysis 

DTLCC 

Design  to  Life  Cycle  Cost 

MFHBF 

Mean  Flight  Hours  Between  Failures 

FMEA 

Failure  Mode  and  Effect  Analysis 

MI 

Maintenance  Index 

FSD 

Full-Scale  Development 

MTBF 

Mean  Time  Between  Failures 

GSE 

Ground  Support  Equipment 

MTTR 

Mean  Time  to  Repair 

I.E. 

Industrial  Engineering 

OiS 

Operations  &  Support 

LCC 

Life  Cycle  Cost 

R 

Reliability 

LORA 

Level  of  Repair  Analysis 

R&D 

Research  and  Development 

LS  A 

Logistics  Support  Analysis 

R&M 

Reliability  and  Maintainability 

I.SC 

Logistics  Support  Cost 

DESIGN  TO  COST  AND  SYSTEMS'  LCC 

BY  MR  KLAUS  WICKEL 

TApn,  8012  Ottobrumi,  (Isrsiany 

1.  Introduction 


Design  to  Cost  is  a  very  popular  and  descriptive  phrase  which  in  my  opinion  can  lead  to  an  over-simpli¬ 
fication  of  the  problems  and  objectives  which  lie  behind  it.  Perhaps  splitting  up  the  Design-to-Cost-task 
into  at  least  three  major  sub-tasks  with  their  interdependencies  and  implications  leads  to  a  clearer 
understanding  of  some  of  our  present  difficulties  and  approaches  (Figure  1). 

Aside  from  the  tasks  of  the  military  planner  to  which  one  could  apply  the  descriptive  labels 
Define  to  Costs  and 
Organize  to  Costs 

the  Design-to-Cost-task  could  be  differentiated  into 
Design  to  Financial  Feasibility 
Design  to  Personnel  Feasibility 
Design  to  Systems'  LCC. 

I  would  like  to  elaborate  on  these  different  aspects  of  the  Design-to-Cost  approach  with  special  atten¬ 
tion  to  their  Operational  and  Maintenance  Cost  and  methodological  implications. 


2 .  Design  to  Financial  Feasibility 

In  practical  application  of  the  Design-to-Cost  approach  one  surprisingly  often  encounters  the  philosophy, 
that  Design  to  Cost  only  implies  conceiving  and  developing  a  weapon  system  in  such  a  manner  as  to  make  it 
financially  feasible  within  the  budgetary  restraints.  Such  Design  to  Financial  Feasibility  activities,  as 
I  would  like  to  call  them,  however,  are  only  one  aspect  of  designing  to  cost.  Their  sole  purpose  is  to 
keep  increases  in  budgetary  spending  within  the  imposed  limitations. 

For  many  years  the  standpoint  of  armament  and  procurement  agencies  and  therefore  of  industry  has  been 
that  major  effort  must  be  directed  to  the  task  of  designing  and  producing  a  weapon  system  in  such  a  manner 
as  to  generate,  maximum  effectiveness  while  keeping  the  project  financially  feasible.  Financial  feasibility, 
however,  in  practice  solely  is  concerned  with  financial  restraints  imposed  with  respect  to  Research, 
Development,  and  Procurement  Costs,  that  is  with  keeping  these  cost  categories  within  the  limitations  of 
the  investive  chapters  and  titles  of  the  budget.  The  necessity  of  keeping  the  procurement  of  a  desired 
weapon  system  within  the  constraints  of  these  budgetary  limitations  is  usually  the  combined  concern  of 
the  procurement  agency  and  the  military  service  requiring  the  weapon  system.  Therefore  pressure  on  indus¬ 
try  to  design  a  financially  feasible  system  is  great;  industry  concentrates  its  efforts  on  reducing 
Research  and  Development  Costs  and  the  price  of  the  weapon  system.  This  pressure  on  prices  has  an  in¬ 
creasing  tendency  due  to  the  fact  that  the  ability  of  most  nations  to  stay  within  procurement  budnet 
restraints  by  reducing  the  number  of  weaoon  systems  procured  is  practically  exhausted.  Further  reductions 
in  quantity  would  induce  dangerous  degradations  of  combat  effectiveness. 

Thus  the  planner  in  defining  to  investment  costs  and  industry  in  designing  to  financial  feasibility  within 
the  investment  cost  limitations  are  actually  turning  back  the  positive  trend  of  the  last  years  to  Life 
Cycle  Cost  thinking  and  Life  Cycle  Cost  oriented  designing  back  to  the  old,  narrow-minded  concentration 
on  development  and  production.  The  effects  on  Operation  and  Maintenance  Costs,  usually  not  being  explicit 
financial  restraints,  are  occasionally  gratefully  ignored  or  left  to  later  decisions.  The  fact  that  Main¬ 
tenance  Costs  per  Flying  Hour  in  moving  from  an  old  generation  of  fighter  bombers  to  a  new  generation 
increases  by  34  %  without  inflation  and  without  military  personnel  costs  seems  to  illustrate  the  conse¬ 
quence. 

Another  negative  aspect  which  is  enhanced  by  too  narrow  minded  procurement  cost  oriented  weapon  system 
planning  is  the  tendency  to  overlook  such  procurement  costs  which  are  induced  by  the  procurement  of  a 
given  weapon  system,  but  which  for  practical  and  budgetary  purposes  are  funded  out  of  different  chapters 
and  titles.  This  not  only  applies  to  the  procurement  of  additional  special  or  general  equipment  which  is 
necessary  for  operation  and  maintenance  of  the  weapon  system  in  the  military  units,  but  occasionally  even 
to  weapons  which  are  acquired  for  the  weapon  system. 

It  is  obvious  that  over-emphasizing  financial  restraints  in  the  development  and  procurement  activities 
with  the  resulting  necessity  for  industry  to  Design  to  financial  Feasibility  can  have  grave  consequences 
on  Operation  and  Maintenance  Costs  over  the  15  or  20  year  life  period  of  a  weapon  system. 

Consequences  which  military  organizations  can  and  partially  do  draw  in  order  to  avoid  these  negative 

effects  are 

-  to  not  only  set  up  project  oriented  budgets  for  research,  development  and  procurement,  but  also  for 
maintenance  and  perhapVeven  for  incremental  costs  such  as  training  technical  representatives,  manage¬ 
ment  support  etc. 


-  to  include  in  the  systems  oriented  research,  development  and  procurement  budgets  all  equipment, 
weapons  and  muni t ion"  whTch  must  be  procured  directly  as  a  consequence  of  putting  a  new  weapon  system 
into  service  even  though  they  are  funded  out  of  different  chapters  and  titles. 


Such  additional  budgetary  ceilings  could  lead  to  a  situation  where  a  new  weapon  system  is  financially 
feasible  with  regard  to  Development  and  Procurement  Costs,  however  is  beyond  the  set  maintenance  expen¬ 
diture  limit.  Reductions  in  quantities  (if  possible),  yearly  performance  levels  or  design  improvements 
would  be  the  necessary  consequence. 

Broadening  the  area  of  financial  limitations  could  have  the  following  advantages: 

-  It  would  make  it  unattractive  to  reduce  procurement  costs  by  decisions  which  tend  to  increase 
Operation  and  Maintenance  Costs,  e.g.  to  postpone  buying  basic  stock  (normally  paid  for  out  of  the 
procurement  title)  until  the  operation  phase  of  a  weapon  system  or  reducing  the  procurement  amount 
of  maintenance  equipment. 

-  It  would  again  place  sufficient  emphasis  on  designing  to  Maintenance  Costs  aside  from  prices  and 
Development  Costs. 

-  It  would  stimulate  earlier  and  closer  cooperation  between  the  military  and  industry  in  planning  and 
organizing  e.g.  the  maintenance  concept  and  personnel  training,  as  the  resulting  costs  in  these  areas 
are  just  as  strongly  influenced  by  the  aircraft  design  (Design  to  Costs)  as  by  the  military  organi¬ 
zation  (Organize  to  Costs). 

-  Finally  imposing  additional  financial  limitations  would  make  it  more  meaningful  to  examine  and  plan 
budgetary  allocations  and  financial  feasibility  over  time,  especially  with  regard  to  the  inter¬ 
dependencies  between  the  procurement  budget  and  the  postulated  project  oriented  operation  and  main¬ 
tenance  funds. 

The  major  consequences  for  costing  methodology  would  be  to  push  forward  the  development  of  cost  esti¬ 
mating  and  cost  planning  models  and  methods  which  enable  the  calculation  and  presentation  of  individual 
cost  elements  over  time  and  which  enable  the  transformation  of  the  planned  Life  Cycle  Cost  categories 
in  the  individual  years  into  budget  categories  in  accordance  to  the  household  structure.  The  basic  pre¬ 
requisite  for  incorporating  the  time  aspect  into  cost  estimating  and  planning  is  to  define  work  or 
functionally  oriented  LCC-categories .  Thus  a  complete  cost  structure  over  time  independent  of  forma¬ 
listic  phase  definitions  such  as  Conceptual  Phase,  Definition  Phase,  Procurement  Phase  is  guaranteed. 

Task  or  functionally  oriented  cost  groups,  such  as  Management,  Development,  Test,  Procurement,  Operation, 
Support  etc.,  each  comprising  numerous  cost  categories,  run  through  many  or  all  life  cycle  phases  of  a 
weapon  system  as  indicated  in  Figure  2.  They  are  the  basis  for  the  development  of  cost  planning  models 
over  a  time  axis.  As  systems  and  functionally  oriented  cost  plans  over  time  have  to  be  transformed  into 
budgetary  plans,  crossreferences  to  budget  chapters  and  titles  have  to  be  incorporated  into  such  a  model 
for  financial  feasibility  assessments  as  is  indicated  in  Figure  3.  Due  to  the  completely  different 
purposes  and  structure  of  Systems'  LCC  and  the  budget  this  can  be  quite  difficult. 

Such  dynamic  cost  models  are  at  present  still  the  exception.  They  are,  however,  not  only  essential  for 
budgetary  planning,  which  per  definition  is  time  oriented,  but  also  for  analyzing  and  handling  important 
problems  concerning 

-  timing  of  phasing-in  the  weapon  system  and  all  equipment,  personnel,  infractructure  concerned, 

-  the  influence  of  postulated  future  inflation  rates  in  the  countries  of  a  multinational  project  upon 
the  cost  burden  of  the  individual  nation  as  demonstrated  in  Figure  4, 

-  the  dynamic  effects  of  learning  curves  on  maintenance,  of  phasing-in  and  phasing-out  procedures,  of 
different  procurement  policies  on  stock  levels  and  repurchasinn  needs  etc. 


3.  Design  to  Personnel  Feasibility 

Design  to  Personnel  Feasibility  can  be  viewed  as  a  sub-task  of  the  Design  to  Cost  effort.  The  available 
personnel  capacity  per  weapon  system  in  the  forces  has  more  and  more  developed  into  one  of  the  major 
constraints  on  design  (complexity,  reliability,  number  of  pilots,  maintainability)  and  maximum  procure¬ 
ment  quantities.  However,  as  planning  of  personnel  within  a  military  service  is  a  problem  which  remains 
primarily  within  the  responsibility  of  the  respective  service,  the  dominance  of  the  personnel  problem 
occasionally  is  underestimated.  Reductions  in  Maintenance  Man  Hours  per  Flight  Hour  as  the  major  para 
meter  determining  personnel  requirements  which  can  be  directly  influenced  by  the  design  of  a  future 
aircraft  are  occasionally  not  taken  as  serious  as  price  and  development  costs  influencing  factors. 

This  is  enhanced  by  the  fact  that  improvements  in  reliability  and  maintainability  normally  lead  to 
increases  in  Research,  Development  and  Procurement  Costs  where  narrow  financial  limits  prevail.  On  the 
other  hand  the  positive  effect  induced  in  Maintenance  Costs  by  a  reduction  of  Man  Hours  per  night  Hour- 
needs  is  not  always  sufficiently  honoured,  as  (as  present  regrettable)  no  strict  financial  limitations 
are  imposed  in  this  cost  category. 

If  required  MHFH-goals  however  are  not  achieved,  the  risk  of  additional  indirect  financial  loads  also 
increases:  In  search  of  ways  to  reduce  the  additional  load  on  military  and  civilian  personnel  in  the 
forces,  military  planners  can  consider  increasing  e.g,  the  share  of  industry  in  MTS  4  category  main¬ 
tenance.  Even  though  some  comparisons  of  industrial  versus  military  costs  for  the  same  maintenance  pro¬ 
grams  tend  to  indicate  vpry  similar  values,  external  maintenance,  that  is  maintenance  by  industrial 
personnel,  increases  the  load  on  the  defence  budget.  Personnel  in  the  forces  (including  civilian  per¬ 
sonnel)  is  normally  not  reduced;  expenditures  for  maintenance  are  therefore  increased  roughly  by  the 
costs  of  the  industrial  personnel  which  take  over  the  roa intenance  task.  This  is  a  typical  example  whore 
cost  cons iderat ions  and  financial  considerations  can  lead  to  contrary  decisions. 

Similar  problems  i  rop  up  when  ways  and  means  of  raising  personnel  skill  levels  are  examined  in  attempt  mg 
to  avoid  increasing  personnel  numbers. 


Available  personnel  being  as  scarce  as  financial  defence  resources,  personnel  feasibility  should  be 
handled  as  stringently  as  financial  feasibility  with  all  consequences  for  systems  design,  procurement 
and  organization.  Setting  reliability  and  maintainability  incentives  and  penalties  is  a  step  in  this 
direction. 


4.  Design  to  Systems'  LCC 

Design  to  Systems'  LCC  comprises  far  more  than  Design  to  Financial  Feasibility.  The  difference  corre¬ 
sponds  to  the  difference  between  costs  and  expenditures  (additional,  incremental).  The  LCC  of  the  total 
weapon  system,  which  represents  all  the  material,  personnel,  infrastructure,  financial  resources  and 
services  which  are  bound  or  used  by  the  system  (opportunity  costs)  are  one  of  the  major  decision  criteria 
for  trade-off  analyses,  cost  effectiveness  assessments  of  alternatives  and  force  mix  analyses.  Systems' 
LCC  quantify  the  total  impact  of  introducing  a  new  weapon  system  into  a  military  service  and  are  there¬ 
fore  of  central  concern  for  service  planners  responsible  for  or  with  an  eye  on  optimizing  the  structure 
of  their  respective  services. 

The  opinion  which  occasionally  can  be  heard,  that,  due  to  the  decline  of  the  relative  impact  of 
Operation  and  Support  Costs  on  LCC,  these  could  be  neglected,  is  a  grave  mistake.  The  fact  that  the 
distribution  of  costs  over  Development,  Procurement,  Operation  and  Support  have  shifted  from  roughly 
1:3:6  to  1  :  4  :  5,  as  Figure  5  shows,  solely  proves  that  strong  increases  in  systems  prices  and 
the  relative  stability  of  personnel  costs  due  to  the  limits  on  available  personnel  quantities  have 
overcompensated  the  strong  increase  in  maintenance  costs  mentioned  before  (34  t  maintenance  increase). 
There  is  no  excuse  for  neglecting  Operating  and  Support  Costs. 

The  first  and  basic  questions  which  have  to  be  answered  at  the  outset  of  Systems'  DTC  activities  are 

-  which  of  the  major  parameter  categories  are  relevant  to  DTC  considerations? 

-  which  are  primarily  determined  by  military  Define  to  Cost  and  Organize  to  Cost  decisions?  and 

-  where  should  detailed  trade-off  analyses  be  conducted?  (Figure  6). 

As  major  effort  should  be  concentrated  on  those  parameters  which  dominantly  effect  LCC,  an  impact 
reference  as  roughly  indicated  in  Figure  7  should  then  be  established. 

Examples  of  the  relative  sensitivity  of  LCC  to  variations  in  some  of  these  dominant  parameter  categories 
are  shown  in  the  next  Figures  8  to  11.  The  parameter  with  obviously  the  strongest  effect  on  LCC,  the 
quantity  of  procured  aircraft,  in  practice  is  regrettably  almost  invariable  due  to  operational  necessi¬ 
ties.  As  reductions  in  flight  hours  per  aircraft  or  per  pilot  also  are  only  marginally  possible  and  as 
increases  of  work  load  on  ground  personnel  are  hardly  realistic,  the  major  effort  in  LCC  reduction  has 
to  concentrate  on  the  parameter  categories  'price'  and  'maintainability'.  These  are  the  classical 
Design  to  Cost  areas.  They  gain  additional  importance,  as  possibil ities  for  decisive  operational  and 
organizational  measures  in  the  services  to  effect  LCC  reductions  are  hardly  possible  or  only  marginally 
effective. 

Figure  12  indicates  the  possible  impact  on  LCC  of  a  major  organizational  decision:  dislocating  aircraft 
in  5  instead  of  4  squadrons  in  the  assumed  case  leads  to  an  increase  in  0  ♦  S  Costs  of  appr.  7  1  and  of 
LCC  of  4  v.  It  is  obvious  that  such  effects  resulting  e.g.  out  of  tactical  necessities  can  easily  over¬ 
shadow  many  DTC  advantages. 


5 .  Cone  1  us  ions 

Design  to  Cost  is  indisputably  an  absolutely  essential  approach  to  tackling  the  cost  problems  as  long 
as  the  objective  does  not  degenerate  to  mere  Design  to  Financial  Feasibility.  DTC  must  be  viewed  as  an 
approach  to  simultaneously 

-  achieving  financial  feasibility  within  all  relevant  budget  categories  incl.  0  *  S, 

-  guarantee  personnel  feasibility, 

-  generate  minimum  Systems'  LCC  for  the  performance  and  effectiveness  required. 

This  can  only  be  achieved  if  the  DTC  efforts  are  accompanied  by  Define  to  Cost  and  Organize  to  Cost  con¬ 
siderations  within  the  field  of  military  options. 
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IMPACT  OK  MAINTAINABILITY  ON  LIFE  CYCLE  COSTS 

hy  <■  K.Thornhcr 

Product  Support  Manager  (Tornado),  British  Aerospace 
Wart  on  Division.  Preston,  UK 


I  nt  roduc t i on 


The  interpretation  of  the  definitions  of  the  varied  parameters  used  in  assess¬ 
ing  maintainability  can  have  a  significant  effect  on  the  quantification  of  tin- 
effect  on  Life  Cycle  Cost.  One  possible  interpretation  is  considered  and  tin- 
results  obtained  using  this  are  indicated. 

Methods  of  assessing  maintainability  as  applied  to  two  international  collabor¬ 
ative  military  aircraft  are  considered  and  some  of  the  lessons  and  problems 
encountered  are  touched  upon. 

Def  ini  t  ions 

There  has  been  much  discussion  on  the  various  "abilities"  associated  with  air¬ 
craft,  i.e.  maintainability,  reliability,  serviceability,  availability  and 
survivability,  and  it  is  sometimes  difficult  to  know  where  one  ends  and  the  other 
starts.  Manufacturers'  brochures  are  in  the  habit  of  making  great  play  of  these 
"abilities"  without  defining  what  is  meant,  leaving  the  reader  to  make  his  own  - 
often  incorrect  -  assumptions.  This  paper  considers  one  possible  set  of  definitions. 

Maintainability  is  a  characteristic  of  design  and  installation  which  is 
expressed  in  terms  of  ease  and  economy  of  maintenance  and  therefore-  boils  down  to 
the  number  of  manhours  it  takes  to  do  a  .job.  Fig.l.  illustrates  this  definition. 

The  total  number  of  manhours  to  maintain  an  aircraft  is  the  summation  of  tile 
individual  tasks  and  is  usually  expressed  as  manhours  per  flying  hour.  It  is  inev¬ 
itably  tied  in  with  reliability,  since  this  defines  the  number  of  times  a  particular 
job  has  to  be  done  within  a  given  timescale.  Occasions  may  arise  when  an  aircraft 
which  is  easy  to  maintain  has  a  high  manhour  content  because  an  item  needs  changing 
frequently  due  to  its  unreliability. 

Often,  in  the  requirements  of  military  aircraft,  there  is  a  specific  target 
related  to  maintainability.  Typically,  those-  will  state  that  the  total  manhours 
per  flying  hour  will  not  exceed  a  certain  value.  This  may  be  broken  down  further 
into  time  spent  on  the  aircraft  ana  time  spent  off  the  aircraft,  together  with 
scheduled  and  unscheduled  tasks.  Scheduled  tasks  may  be  broken  down  even  further 
into  such  items  as  before  flight,  between  flight  and  after  flight  inspection.  Fig. 2. 
illustrates  a  typical  breakdown  for  a  military  aircraft.  Alongside  this,  maintenance 
aim  there  may  also  be  reliability  targets  since  maintainability  and  reliability  go 
hand  in  hand. 

It  is  necessary  to  look  more  closely  at  the  manhour  content.  clearly,  once  an 
item  has  been  removed  it  has  to  be  repaired  expending  further  manhours.  In  order 
to  be  consistent,  it  has  been  the  practice  to  utilize  the  breakdown  that  is  applied 
in  the  Royal  Air  Force,  since  most  of  this  work  is  done  in  conjunction  with  them. 

This  assumes  that  any  tasks  that  can  be  carried  out  at  base  ( 1  &  2  levels)  are 
counted  in  the  manhours,  whereas  depot  (3rd  level)  and  return  to  manufacturer  (-1th 
level)  are  not-  the  manhours  are,  however,  included  in  the  overall  life  cycle  costs 
as  will  be  seen  later. 


It  is  furth 
It  is  important 
"spanner- i n -hand 
it  does  not  reft; 
ratios  of  direct 
manhours  often  i 
hand ,  it  i s  ve ry 
"job-card"  used 
items  as  getting 


■r  necessary  to  distinguish  between  direct  and  indirect  manhours, 
in  this  context  to  understand  that  direct  manhours  refers  to 
"  time  and  indirect  to  that  additional  time  that  makes  up  the  t  ■  ■  t  a  1 
r  to  overheads.  To  a  User  the  total  manhours  are  important  but  i  In¬ 
to  indirect  vary  greatly  depending  on  circumstances.  Indirect 
nclude  items  way  outside  the  manufacturer's  control.  On  tin-  ether 
rare  that  direct  manhours  are  measured  -  for  instance  the  tiv-  rag- 
to  record  a  job  is  almost  invariably  total  time,  including  such 
the  necessary  tools,  ground  equipment  and  even  waiting  time  in 


Calculations,  therefore,  are  almost  invariably  done  on  direct  manhours  and  an 
allowance  made  to  factor  these  figures,  in  order  to  obtain  I  lie  total  -  factors  of 
2  or  3  may  be  involved  in  som--  cases.  From  these  total  manhours  it  is  possible  to 
estimate  the  manning  requirements.  These  manning  figures  may  need  adjusting  to 
allow  for  the  practicalities  of  life.  For  instance,  it  may  be  that  the  maintenance 
manhours  show  that  half  a  man  would  be  adequate  to  cover  the  workload  (say. 
Instrument  fitters  for  a  small  squadron  of  light  aircraft  ).  This  would  prohah | \ 
mean  provisioning  for  t  w-o  men  to  cover  for  illness,  leave  periods,  etc.  Tin  number- 
of  men  may  now  be  f<-d  into  the  cost  calculations. 

Impact  on  Cost 

It  can  tie  shown  that  using  the  preceding  definition  it  is  possible  to  Lr-nk 
down  the  maintenance  costs  of  an  aircraft  into  four  hush  ap-.r  .  TIh-m  are 

Maintenance  Manpower 
Fue 1  and  Hi  I 
Consiimah  1  er. 

•Spares  and  Repairs. 

This  is  illustrated  at  Fig. 3.,  using  typical  European  rates  and  prices.  The  costs 


shown  here  are  only  those  attributable  to  the  task  itself  and  do  not  include  "over¬ 
heads"  and  supporting  facilities,  i.e.  Cookhouse,  Transport  Station,  etc. 

The  block  for  spares  and  repairs  includes  the  cost  of  replacement  items  on  the 
one  hand  and  the  total  cost  of  repairs  carried  out,  either  at  depot  or  supplier 
level,  on  the  other  hand.  In  both  cases  the  cost  of  the  manpower  involved  is  in¬ 
cluded  in  the  spares  and  repairs  cost. 

It  can  be  seen  that  out  of  the  yearly  cost  about  301  is  fuel,  501  is  spares 
and  repairs,  5%  is  consumables  such  as  tyres,  brakes,  oxygen  and  the  like,  and  the 
rest,  15%,  maintenance  manpower.  This  assumes  that  the  task  is  being  manned  in  an 
economic  fashion.  There  may  be  strategic  reasons  for  this  not  being  true,  partic¬ 
ularly  now  that  operation  from  shelters  is  increasing.  This  picture  remains 
surprisingly  similar  for  a  variety  of  different  aircraft,  ranging  from  a  basic 
trainer  to  a  low  level  strike  aircraft.  To  further  put  this  in  context,  these 
yearly  operating  costs  look  like  about  7%  of  aircraft  first  cost  (excluding  R  and  D) . 
Again,  this  is  reasonably  constant,  for  a  given  generation  of  aircraft. 

The  above  costs  indicate  that  the  overall  effect  of  improving  the  reliability 
aspects  may  be  more  significant  than  maintainability  improvements.  However,  it  is 
important  to  remember  that  the  cost  of  achieving  improved  reliability,  which  must 
be  included  in  other  segments  of  the  overall  life  cycle  may  be  very  much  greater 
than  the  cost  of  introducing  a  maintainability  improvement. 

Methods  of  Assessment 

The  ways  in  which  the  approach  to  maintainability  has  been  evolved  over  a 
period  of  some  15  years  will  now  be  considered. 

4 . 1  S.E.P.E.C.A.T,  Jaguar 

The  Anglo-French  Jaguar  aircraft  was  the  first  aircraft  in  the  U.K.  on  which 
maintainability  targets  were  set  in  the  original  design  requirement.  A  finite 
direct  manhour  content  was  quoted  for  the  1st  and  2nd  line  tasks,  based  on  a 
certain  number  of  sorties  per  day.  This  is  similar  to  the  breakdown  shown  at 
Fig . 2 . 

A  three-pronged  approach  was  made  towards  maintainability,  as  illustrated  at 
Fig. 4.  Firstly,  in  the  design  stage,  close  collaboration  between  the  design 
staff,  User  representatives  and  Product  Support  engineers,  ensured  that  a 
critical  look  was  taken  at  engineering  aspects.  This  included  appraisal  of 
mock-ups  and  prototypes.  Secondly,  the  times  for  all  maintenance  tasks  were 
considered  theoretically  and  thirdly,  a  series  of  controlled  measurements  wore 
taken  to  give  some  confidence  in  the  calculation.  Feedback  throughout  the 
process  was  essential. 

In  assessing  the  timings  for  maintenance  tasks  a  modifitd  form  of  the  M.T.M. 
system  was  used  in  which  all  movements  associated  with  a  task  are  broken  down 
into  basic  elements.  A  series  of  Primary  Standard  Data  sheets  were  produced, 
typically  illustrated  at  Fig. 5.  These  enabled  the  times  for  individual  actions 
to  be  calculated.  These  are  then  summated  to  give  the  total  times.  The  method 
proved  to  be  quite  effective  but  was  also  very  time-consuming.  It  is  perhaps 
of  interest  to  note  that  after  some  weeks'  work  to  evaluate  the  time  for  engine 
removal,  the  results  tied  in  very  closely  with  the  practical  demonstration  and 
with  an  on-the-spot  assessment  of  a  skilled  fitter! 

The  practical  assessment  took  place  in  two  main  areas,  the  French  VAMON  and 
the  R.A.F.  Service  Maintainability  Assessment  Exercise,  in  which  the  Customer 
undertook  a  variety  of  maintenance  tasks  on  an  early  standard  of  aircraft. 

Each  of  these  exercises  lasted  several  weeks  and  many  changes  wore  introduced 
as  a  result.  However,  these  exercises  were  done  under  controlled  clinical 
conditions  and  the  main  feedback  was  with  respect  to  ease  of  maintenance  rather 
than  absolute  times.  No  real  service  exercise  has  been  carried  out  to  prove 
the  figures,  but  in  qualitative  terms  some  complimentary  remarks  have  been  made 
which  are  of  comfort.  (See  Fig. 6.). 
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carried  out  a  maintainability  analysis  on  h 
into  the  total  weapon  system  Mai nt ai nabi 1 i t 


an  Tornado,  where 
but  still  refer 
also  a  ret] u i  remen 
i ven  t i mesca le . 

1 ar ly  avionics,  a 
and  procure  the  e 
Maintainability 
velopment  agency 
However ,  in  the  c 
t  em  font  rac  t  or  - 
sible  for  equipme 
i eh  t  he  oq u i pmon t 
is  own  equipment 
y  Analysis. 


the  requiremer 
to  direct  manhr 
t,  to  achieve  a 
In  the  case  of 
re  Government 
qu i pment  .  with 
features  of  t  In 
and  to  some  ext 
ase  of  Tornado, 
have  overall 
nt  procurement  , 
manu  f  a<- 1  urer 
which  was  then 
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From  t  hi  reliability  of  the  equipment,  I  op  t  h*  r  with  an\  appmpr  i  a  t  <•  t»st  ..ud 
repair  times,  it  is  clearly  possible*  to  predict  the  ma  i  n  i  <  na  n«  man  In  mi  r 
content  of  individual  items.  This  is  a  forma  1  j  sed  pit  u*,s  wh<  reby  Ma  i  nt <  i,an  ■- 
Analysis  Sheets  are  filled  in  for  each  function,  system  by  s\st»-m.  A  Vann  .  n 
anee  Analysis  Sheet  is  illustrated  at  Flips.  These  are  then  gathered  t  *  ■  l  :  -  t  : .  ■  f 
in  the  form  of  a  Maintenance  Analysis  Report  which  is  our  anal\sts  of  in* 
total  Weapon  System.  Fig. 9.  shows  a  par*'  t  rorn  the  Maintenance  Analysis  !'•  port 
it  should  be  noted  that  the  systems  and  values  ar«  hypothetical. 

The  basic  concept  for  Tornado  is  that  of  "Un-Condit  ion  Maim*  nance.  Ibn*.  v<  r , 
tht*re  are  instances  where  it  may  he  nee  •  sary  to  reci^nm* -mi  mo-  scla  dub  d  ■■  iv. 
If  this  is  so.  the  request  lias  to  be  .submit  tod  to  tin  (hi  -toner  "!i  a  .‘Vh«  .  i  - ;  ;  •  .  i 
Maintenance  Approval  Form  (Fig.lOii.  However,  it  is  the*  decision  «»l  1  h<  •  r 
Nations  as  to  whether  the.se  recommend  at  ions  aro  applied.  The  maintaina:  i!it\ 
requirements  upon  the  Contractor  are  based  on  the  Coni  :*ac  t  or '  s  r«  comr.«  nd<  d 
servicing  procedures  and  it  is  possible  to  envisage  d  i  ve  rgenc*  -  ovumi!:;  wm: 
the  Analysis  Report  incorporating  procedures  that  are  recommend* -tl  but  ro  t 
accep*  *d  by  the  User! 

A  further  complexi t \  exists  due  to  the  different  maintenance  policies  itiat 
exist  in  t  he  different  User  Air  Force.-,.  Whereas  the  h.A.F.  have  nlua\s  a  r  m  t »  a 
their  own  Servicing  Scliedu  les  based  upon,  but  not  necessarily  adhering  to.  n:- 
Contractor’s  recommendations,  the  fn-rmim  Air  Force  requires  :  h»  maim  1  ae  1  u  r*  ■  r 
to  write  the  Schedules,  thus  a  differ  in?:  maintenance  .  uncrpi  can  exist  betue*  n 
i nd i v i dua l  Na t ions . 

Tin*  preceding  paragraphs  have  largely  been  concerned  with  the  theor*  tical 
assessment  of  maintainability:  the  proving  of  tin  values  should  now  b.  con¬ 
sidered.  A  series  of  Formal  Maintainability  IVmonst  rat  inns  have  taken  place 
under  which  a  variety  of  maintenance  tasks  are  performed  by  tin*  manufacturer 
in  front  of  witnesses  from  tin*  Customer.  In  general,  these  trials  have  shown 
reasonable  agreement  between  actual  measurements  and  theoretical  calculations. 
However,  it  should  he  said  at  this  stage  that  these  trials  ha\e  taken  p  lac- 
in  a  somewhat  clinical  environment  on  an  air  vehicle  in  a  new  condition  and 
tin*  numbers  would  not  necessarily  be  reflected  i n  a  service  environment  on  an 
aircraft  where  wear  and  tear  existed.  For  instance,  it  is  a  very  different 
thing  removing  a  series  of  we  1 1 -greased .  new  bolts,  as  opposed  to  some  that 
have  become  firmly  embedded  and  the  heads  of  which  have  been  worn! 

Having  said  the  above,  is  there  any  value  in  doing  a  proper  data  gat  In*  ring 
exercise  under  operational  conditions?  There  are  arguments  to  be  said  on  both 
sides.  It  is  perhaps  worth  looking  at  what  the  results  of  such  an  rvivis 
really  mean.  Hy  t  .ie  time  tin*  stage  of  doing  such  a  data  gathering  <  \»  rc  1  s- 
has  been  reached,  winch  must  he  after  (he  aircraft  has  been  in  s«*rv  ice  for  so  m 
time,  it  is  possible  that  any  lessons  learnt  will  he  too  Ian  for  the  intro 
duct  inn  of  significant  modifications  in  a  cost -effect  i ve  manm  r.  Whore  11  may 
be  of  considerable  benefit  is  in  the  next  generation  of  aircraft  .  The  \  a l  in¬ 
here  1 s  in  proving  that  the  method  of  assessment  provided  accurate  values, 
therebv  increasing  file  credibility  0}  (he  me  t  hods  for  u-e  in  future  pro/-  ct*  , 

It  is,  however,  considered  that  the  actual  values  obtained  will  n  -t  I.,  r.  ad 
across  bemuse  the  advancement  of  technology  will  introduce  n*  w  ma  1  n  t  - -na  11c* 
concepts.  An  example  of  this  can  be  seen  in  the  increasing  r<  Italic*  mi  FuiM 
In  Test  Equipment  (H.I.T.l  .  ).  This  is  designed  to  incr**as«  t  h«  «-a  .■•*  with 
which  faults  may  be  diagnosed.  There  may  also  he  an  increasing  «nipha  1  on 
the  ability  to  test  following  fault  rectification  perhaps  ’  t  *  -s 1  a  h  1  I  1  t  v  ' 

It  could,  however.  1’**  argued  that  the  Formal  Ma  1  n  t  a  1  nab  1  I  1  t  \  I  •*  r:i<  »rr-  f  rat  tot,' 
carried  nut  in  a  "test  environment"  are  more  suitable,  to  pn>v  tin  ralnilut  i-- 
which  were  based  on  a  somewhat  idealised  situation  in  the  first  place. 

An  exercise  carried  out  in  an  operational  environment  mght  1-ad  t  •  >  a  In  i  t  •  t* 
defirution  of  t  tu*  difference  between  direet  and  unit  r-rf  manhours  but  flu:* 
would  only  be  relevant  to  the  «•  1  rcumst  an«*s  « *  t  that  particular  -A-r-a  -■  Th*  \ 
could  be  totally  different  under  alternative  c  1  rcutns 1  ances  . 

The  calculations  in  themselves  an  also  of  valu*  in  that  they  a  1  I  •  -w  lor  a 
theoretical  examination  of  a  variety  of  different  msi;i  I  l:ii  !■>»:•  in  a/i\  »•  u 
aircraft.  For  example,  given  tie  choice  of  an  .  m<m '>■-  j  trd  a  I  lai  i.x.  that  al  low- 
removal  either  downwards  or  r<  arwanh  ,  »  In  argument  -  an  !>*  -  \t  rerrw  1\  *  **:•  * t  i\- 

if  it  is  not  poss  i  h  1  ••  t  o  p  r«  -  Sell  t  r;i  l  *•■:  1  l  a  t  l  <  Mi:,  w  h  i  cl:  ‘la- a  tin-  r<  ■  1  a  t  l  \  •  1  i  '  •  ■  i 

t**rms  of  maintenance  manhours  p«*r  fixing  hour. 

Summa  ry 

Summarising.  th**refor**.  it  is  i  nnsnli  ivd  that  it  1  -  a  imp«>rfani  to  ••mpli.e  - 
th*’  need  for  improved  reliability  *  *  t  equipment  and  t  h*  abilii\  t.'  diagnose  lau'H 
than  to  over-emphasis  the  ma  i  nt  a  1  nab  1  1  1  t  v  : » ■  j » «  «  t :  .  1  !.•  less.  >a  •  *  *  f  a... 

and  ability  to  remove  i  t  *  -ms  qu i ek 1 \  a  r*  •  of  paramount  i  tap.  ■  r  t  a  n  c«  In  .  •<  <nn<  •<  t  1  ■  >n  wit 
this,  it  should  be  remember'-d  that  the  r*  qu  s  r*  m.  n  J  ,  f--r  normal  <la\  t.»  da\  op.  rati.u 
in  pea  r»  •  t  1  me  ma  v  be  very  d  i  f  f  *  •  n  n  f  f  n  »n  tin  •  r*  q  u  1  r>  r»»  nt  1  n  1  In  .  v-ni  <  ■  f  .  •  -  n  ?  I  ;  •  t 

In  this  situation,  ava  i  1  ah  1  1  1  1  v  of  a  1  r*  ■  r  a  1  t  1  p»*  rhaps  the  \  a  rd  t  1  >  k  that  -In  *u  :  d  I 

used .  f  n  all  probability,  the  availability  o  t  -pare  line  1 <  p 1  a  al  ■  1  *  unit 


will  also  be  a  more  significant  parameter  than  time  to  repair  individual  L.R.L'.s. 
Assessments  of  mai nt ai nabi 1 i t v  have  been  carried  out  in  which  theoretical  and 
practical  timings  are  compared.  These  indicate  that  the  calculations  bear  a 
reasonable  relationship  to  the  actuals  achieved,  but  this  is  true  only  in  a  test 
envi ronment . 

In  terms  of  impact  on  life  cycle  costs,  the  ratio  of  direct  to  indirect  man¬ 
hours  is  a  significant  parameter  that  may  vary  extensively  from  circumstance  to 
circumstance  and  is  currently  extremely  difficult  to  evaluate. 
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Maintainability  is  a  characteristic  of  equipment  design 
and  installation  which  is  expressed  in  terms  of  ease 
and  economy  of  maintenance,  availability  of  the 
equipment,  safety,  and  accuracy  in  the  performance 
of  maintenance  actions. 


Maintainability  Definition 

I  ipurc  1 


PRE  FLIGHT  SERVICING 

TURN  ROUND 

AFTER  FLIGHT  SERVICING 

Number  of  Sorties 
TOTAL  FLIGHT-LINE  SERVICING 
DEFECT  RECTIFICATION 
PERIODIC  SERVICING 
WORKSHOP  SERVICING 
TOTAL  MANHOURS  PER  FLYING  HOUR 


HOURS 

HOURS 

HOURS 

HOURS 

HOURS 

HOURS 

HOURS 

HOURS 


TARGET 


GRASP 


DISTANCE 


E  =  7 

A  =  10 

D  =  IS 


N  =  0 
J  =  5 


0  ( >  12  )  =  0 

1  (12  -24  )  =  5 

2  (24-36  )  =  10 

3  (<36  )  =  15 


TURNING 


FORCE/ WEIGHT 


MISC. 


T2  = 


6 
8 

=  10 


P  =  5 

Weight  =  W/5 
Weight  =  W/10 


Steps  S 

Bend  UD 

Difficulty  d 

Look  L 


8 

35 


RS.D.  Basic  Value 


Figure  5 


EMPHASIS  GIVEN  TO  THIS  AEROPLANE  BY 
THE  DESIGNERS  ON  EASE  OF  SERVICING 
IS  SHOWING  DIVIDENDS  IN  TERMS  OF 
COST-EFFECTIVENESS  IN  MANPOWER" 

( Air  Chief  Marshal  Sir  Denis  Smallwood ) 


IT  IS  A  MECHANICS’ 
AIRCRAFT  AND  IS  THE 
EASIEST  AIRCRAFT  TO 
WORK  ON  THAT  WE  HAVE 
HAD  FOR  YEARS" 

( Crewchief  ) 
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ESTIMATION  OF  RELATIVE  TOTAL  COST 
FOR  AIRCRAFT  SYSTEMS 
by 

J.  Bollmann  and  H.  Lankenau 
Vereinigte  Flugtechnische  Werke  GmbH 
D  2800  Bremen  1,  Hiinef e Idst r .  1-5,  Germany 


SUMMARY 

To  achieve  optimum  solution  for  system  concept  and  equi-wcnt  selection  for  trans¬ 
port  aircraft,  the  comparison  of  the  total  costs  of  alternatives  offers  decisive- 
decision  criteria.  Accordingly,  it  is  important  that  a  suitable  method  for  determining 
the  relative  total  costs  (fixed  and  operating  costs)  is  available. 

Once  a  decision  has  been  reached  -n  favour  <f  a  system  concept,  the  data  for  the 
subsystem/equipment  that  are  associated  with  in.  operating  costs  must  be-  laid  down  as 
guaranteed  values  in  the  technical  specifications/contracts  with  the  equipment  suppliers. 

During  the  operating  phase  a  clear  statistical  comparison  must  continuously  be 
accomplished  between  the  target  and  the  actual  values  in  order  to  ensure  that  any  devia¬ 
tions  and  the  causes  of  such  deviations  can  be  detected  and  eliminated.  For  this  purpose, 
it  is  necessary  to  have  an  agreed  procedure  between  operator,  aircraft  manufacturer  and 
equipment  supplier. 


ABBREVIATIONS 
A/C 
BITE 
Engr 
f 

FH 
GSE 
LRU 
MTBD 
MTBUR 
OH 
Qty 
Situ 

1 .  INTRODUCTION 

The  following  hypothetical  case  will  be  used  to  illustrate  the  demand  for  developing 
a  suitable  prediction  method  for  the  total  costs  and  for  the  application  of  such  a  method. 

"Superannuated  military  transport  aircraft  have  to  be  rejected  between 
1990  and  1995.  The  required  transport  capacities  correspond  to  aircraft 
of  the  Transall  C 1 1>0  or  Hercules  Cl  JO  category." 

With  regard  to  the  successor  the  following  three  fundamental  alternatives  arise: 


I  To  produce  new 
aircraft  of  the 
existing  type 
with  certain 
improvements 

(see  FIG.  1) 


Aircraft 

Build  IN  TEST  Equipment 
Engineer 
Function  Of 
Flight  Hour 

Ground  Support  Equipment 

Line  Replaceable  Unit 

Mean  Time  Between  Defect 

Mean  Time  Between  Unscheduled  Removal 

Operating  Hour 

Quantity 

in  its  original  situation 
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II  Modification  of 
civil  transport 
aircraft  or  use 
of  larger  parts/ 
components  from 
civil  aircraft 

(see  PIG.  2) 


II  MODIFIED  CIVIL  TRANSPORT  AIRCRAFT  OR  USE  OF 
COMPONENTS  FROM  CIVIL  AIRCRAFT 


III  Transport  air¬ 
craft,  new  de¬ 
sign,  using 
advanced  tech¬ 
nology  in  line 
with  all  tacti¬ 
cal  requirements 
and  with  special 
view  to  low 
operating  costs 
and  high  degree 
of  dispatch 
re  1 iabi 1 i ty/ 
clear  for  action 

(see  FIG.  i) 


III  TRANSPORT  AIRCRAFT,  NEW  DESIGN,  USING  FUTURE  TECHNOLOGY 


These  alternatives  have  to  be  technically  elaborated  down  to  .vni pot  •  r. t  level  in 
order  to  obtain  data  with  sufficient  confidence  level  for  the  cost  est  ir.it  e-s  met  hog. 

The  entire  process  leading  to  the  decision  as  to  which  of  tie  thte.  il'tt- 

nat  ivt's  represents  the  most  suitable  solution,  involves  a  coitpai  !..•  i.  '■  1  :.r  ■  s’ 

t  he  following  criteria 

O  FIT.FIl.MKNT  OF  TACTICAL  OR  FUNDAMENTAL  TECHNICAL  Mol  I  II  VIM: 

■lnTAI.  COLT  ITUATION  (with  wl’.ich  the  ft  1  lowing  ch.ij  <  ■  I  •  'ill  t  ii  . 


!  :  T  1  MA  I  P  Ml.THOD 


est  IS  I  '  I  >n 
i  me. II.:,  I 
t  i  n  . 


[escribed  below  Joes  list  give  any 
i  .•  'roe,  to  give  a  clear  summary 
■  .I'.'i:,,)  a  pi  igm.it  1C  arcl  systematic 


f  undamenl  a  !  ii  v,  I  t  i  >  mi  1, 
of  fan  i  1  i  a  t  f  act  s  it.  ,  r  ■  h  i 
i  r.struirient  1,  i  i<  bit  i\s  s 


I  *  s'.  1  hi  t  .  >t  e. !  t  i.a*  this  met  hod  involves  cons  i  de  rab  I  y  tm  g  <  <  1  ab,  a  a  *  i  -  t.  is  '  h* 

,  1.  :  1  Ii  1  *  1  -  ,s  |  ha  .  1  '  S  I  •.  1  ew  t  o  t  eel  ill  |  e.l  1  1  I  eni  I  Za  t  1  on  a  I  id  de  1  e  t  p  1  t  1  ,  SI  -  ;  :.t. 

The  adv.int  a  ie  of  t  t,  i ..  method  is,  howevt  r  ,  that  it  yields  a  sa!  f  i  ■  ■  i .  i.t  1  y  conliget.i 
r.-s-a  1  •  in  t  erris  ,,f  t  f.e  cost  relat  ion  between  various  a  1 4  er  nat  i  ve  s  tt.d  thus  as 
•  ■  x  a  * - 1 .  •  r  basis  for  decisions  as  we  1  1  as  t  arqet  values  ft  a  t  f.e  r,  -  ij  i.m'  p  i.  and 
.'  1  1  I  ••  I  '  1  ■  t  I  1 .  1  e  . 


A 


- 1  .< 


2.2  The  survey  FIG.  4  shows  the  COST  ELEMENTS  and  CALO  ALTION  STEPS  for  the 
o  LAUNCHING 
O  FLEET -INVESTMENT 
o  OPERATION 

PHASES,  which  must  be  taken  into  consideration  per  system  type  when  comparing  the 
system  alternatives. 

The  determined  values  are  here  primarily  to  be  seen  as  relative  costs  within  the 
scope  of  a  comparison. 

The  result  for  the  LAUNCHING  and  FLEET- INVESTMENT  costs  per  system  alternative  is 
best  illustrated  by  means  of  COST  BAR  CHARTS,  to  stiow  where  the  largest  differ¬ 
ences  in  cost  exist. 


Drawing  up  the  CUMULATIVE  OPERATING  COSTS  as  a  function  of  the  OPERATING  TIME, 
starting  out  from  the  fleet-investment  costs,  the  points  of  intersection  will  then 
mark  the  operation  time  phase  where  each  special  alternative  represents  the  optimum 
total  cost  solution. 


2. 3  The  tables  in  FIG.  5  to  FIG.  12  reveal  the  following  per 
cost  element  =  calcualtion  step 
for  the  cost  determination: 

o  work  breakdown  and  ext ent /content  respectively 

o  function  of  cost  factors 

(detailed  formula  are  not  presented  here) 

o  breakdown  of  cost  factors  into  variables  and  constants 

(the  individual  va 1 ues/da t a/resu 1 t s  should  be  entered  here) 

o  up  to  which  lev'°l  -  subsystem  or  component  -  costs  are  to  be  detetmined 
(if  costs  are  determined  to  equipment  level,  the  total  per  subsystem 
must  then  be  formed) 
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TECHNICAL  AND  COST  DATA  RELEVANT  FOR  THE  OPERATION  COSTS  ON  WHICH  TO  BASE  WARRANTY 
REQUIREMENTS  IN  EQUIPMENT  SPECIFICATIONS/CONTRACTS  WITH  SUPPLIERS 


J.l  If  a  decision  has  been  reached  in  favour  of  a  system  design  on  the  basis  of  the 
determination  of  cost  described  above,  the  data  and  values  on  which  the  decision 
was  based  must  be  realized  and  ensured. 

Amongst  other  things,  this  means  that  the  subsystem/equipment  data  associated  es¬ 
pecially  with  the  operating  costs  must  be  laid  down  as  guaranteed  values  in  speci¬ 
fications/contracts  with  the  suppliers. 


3.2  The  major  items  in  this  connec¬ 
tion  are  outlined  as  follows 

in  FIG.  13: 

o  Performance,  consumptions, 
weight 

o  Safety  and  reliability 
requirements 

o  Scheduled  maintenance 
expenditure  limits 

o  Average  repair  expense 
limit 

o  furthermore,  a  procedure 
providing  statistical 
monitoring  of  the  above 
mentioned  guarenteed  values/ 
data  by  the  contract  par¬ 
ticipants,  i.e.  "aircraft 
manufacturer,  operator, 
equipment  supplier"  must  be 
agreed  in  the  terms  cf  the 
contract,  in  order  to 
justify  the  warranty  claims. 


1CCHNICAI  4  DATA  l((lt««nl  loi  !h»  uprxhny  i«n,  ON  WHICH  TO  8AJI 
WARRANTY  RtQUlRI  Ml  M  5  IN  t Q U1PM1  N T  UM.AIIOM  ONIRAl  !  WtlM  vlNOUHS 


iets  (!<«>.  .Itliiicii  lUjie,  Ltr  kpe  .lt  led 


satfiy  t  Rvi.aiil.i-,  RywtmM  t  at  )  >r.,  bi  at  l  s;  i  r 


ir.oi.ltui  ir.q  end  defect  invest  lgat  1  cr  Leva  t„  Le  ir’al.  bet  wear 

■rr«t(  ninu|  ac  t  ui  i-r  veridul  ar.J  operator  'ate  I  i 


-  S-hadu.ed  .  i.ape.'t  i„f..  uvt-i  ha- .  hi. a.,  ti:  ei.viaagei  „-..y 


i  id  . 


4.  PERMANENT  COMPARISON  OF  TARGET  DATA  WITH  ACTUAL  DATA  DURING  A/C  OPERATION  TO  DETER 
MINE  DEVIATIONS  OF  PLANNED  BUDGETED  OPERATING  COSTS. 

4.1  A  vital,  important  tool  for  realizing  the  precalculated  and  budget ed  operating  cos 
is  a  permanent  statistical  comparison  between  the  target  values  and  the  actual 
technical  data  as  well  as  the  actual  cost  data. 

Reference  has  already  been  made  to  such  an  agreed  monitoring  procedure  between  air 
craft  manufacturer/ope»rator/oquipment  supplier  in  paragraph  1.2  above. 

Necessary  act  ions/mod i f i cat  ions  can  only  be  recognized  and  initiated  early  on  the 
strength  of  such  a  procedure  *  order  to  reduce  negative  deviations  1 i cm  budgeted 
cos  t s . 


4.2  FIG.  14  gives  a  rough  outline  of  the  major  criteria  in  terms  of  the  dunctiona)  flow 
of  such  a  procedure,  in  view  of  the  fact  that  a  more  detailed  elaboration  of  this 
would  exceed  the  scope  of  this  paper. 

Nevertheless  in  view  of  the  importance  of  this  subjec -  and  the  various  parties 
involved  this  could  be  worth  a  separate  symposium. 

v  OH- I  ANT  sT*rt‘-TI-  A.  >  TIMl-AHI*  •  -H  of  TANi.l  T  HAT*  MITM  ACT.AI  PA'  * 

JUJMNI.  A  i  MdVh  !  li  LifiKMiNl  l>t  VIATION*.  Oh  I'lANM  1-  HI'la.tT  . --M  .,1  IWMAM-II 


FIG.  14 

5.  CONCLUSIONS 

A  genuine  "DESIGN  TO  COST"  is  only  possible  if  the  following  procedures  have  been 
prepared  in  detail  and  agreed  between  all  parties  concerned: 

-  determination  of  total  cost 

-  specif ication  of  guaranteed  values 

-  statistical  monitoring  in  the  utilization  phase. 

A  further  point  to  note  is  that  the  partners  involved  must  be  prepared  to  bear  the 
considerable  increase  in  terms  of  cost  and  time  during  the  definition/project  phase. 
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RESUME 

Dans  une  premiere  partie,  1* Auteur  rappelle  les  caracteristiques  des  produits  MESSIER- 
HISPANO-BUGATTI  vis  a  vis  des  problemes  de  reduction  des  cofits,  precise  les  quatre  concepts 
utilises  par  M-H-B  dans  ce  domaine  (industrialisation,  analyse  de  la  valeur,  conception  a  coGt 
de  production  objectif,  conception  a  coGt  de  vie  objectif)  et  indique  les  moyens  necessaires  a  la 
mise  en  oeuvre  de  ces  concepts. 

L'Auteur  detaille  ensuite  les  conditions  et  les  resultats  d ' utilisation  de  ces  quatre  concepts 
a  M-H-B  et  conclut  en  dressant  un  bilan  de  ces  actions. 


La  Societe  MESSIER-HISPANO-BUGATTI  developpe  les  actions  de  reduction  des  coGts  depuis  1965. 
Mon  propos  est  de  vous  exposer  la  raise  en  oeuvre  des  concepts  de  reduction  des  coGts  et  les 
resultats  obtenus.  Nous  suivon6  le  plan  suivant  -  Planche  1. 

1.  LA  PRODUCTION  M-H-B  ET  SES  PAR TI C ULARI TES  -  Planche  2 

1.1  M-H-B  con<;oit  et  produit  des  trains  d 'atterrissage ,  des  equipements  hydruuliques ,  des  roues 
et  frcina . 

1.2  L'ensemble  de  sec  productions  reprosento  cnvi ~on  5000  tj.jonV.  ■.  di f ferents. 

Le  norabre  de  references  de  pieces  (y  corapris  les  POL*)  constituent  ces  cnsenLlc'  •.  j  : 
l'ordre  de  50  000. 

Lee  temps  d'usinage  varient  de  quelquec  centicraes  d'heure  pour  atteir.ure  ur.  maximum  <i« 

500  heures,  le  temps  moyen  par  piece  e-tant  de  1  a  2  heures. 

Les  quantites  de  pieces  par  lancemcnt  sont  de  l’ordre  de  : 

200  pour  les  petites  pieces 
50  pour  les  pieces  moyennes 
10  pour  les  pieces  importantes 

Les  cycles  de  production  s  ’  echelonnent  de  5  &  24  mois  suivant  l’imp  "t.  unco  d*r  pi 
(approvisionnement  et  fabrication). 

C’est  done  une  production  : 

tros  diversifiee 
a  longs  cycles 
a  petite  cadence 

1.3  La  repartition  dec  coGts  entro  la  main-d '  oeuvre  d'une  part,  la  mati  »*•-<.•  et  les  H ...  d*  »  ;  t  •  • » •  p.i  •• 
est  variable  suivant  lcc  types  de  materials,  voir  planche  '• . 

bane  les  trains  d '  attc  rri  ssage ,  la  part  matioro  et  P(‘r.  varic  suivant  qu’il  s’n'-it  d'u:.  avi 
combat  ou  d’un  avion  civil  de  y,  \  40  v. 

En  hydraulique,  la  port  matiere  ct  .'Or.  est  de  l’ordre  de  13 

Pour  les  roues,  ellc  est  de  l’ordre  de  50  ct  pour  les  f reins,  dlf*  avr  isiso  1  ;  f.  . 

Cola  signifie  quo  les  actions  do  reduet i^nr.  des  c.  Ain  no  d  ivert  pas  r,<  limiter  .i  la  r.aii,- 
d' oeuvre,  main  aussi  a  la  part  matioro  et  POL. 

1.4  Comment  sont  organi  seer,  Ion  actions  do  reduction  des  coGts,  voir  planche  h  . 

Sous  1' autorite  de  la  Direction  Technique,  so  ntur  un  department  ion t  •  suir  If  r«  sp'ca-iM 
departement  a  vocation  de  meth^des  goneralcs,  e  ha  rr,  A  de  la  rodurtir-n  des  *-.Gts  et  der.  devis. 

ben  l'origine  d’un  pro  jet  ,  nr  us  in  torvenonr-  our  les  coQtr  en  agir.nant  nur  1m  r  one  opt  i  <•:: ,  les 
moyens  a  mettro  en  oouyro  et  nur  lor.  appro visions omen ti;. 

•  POL  :  Produits  Ouvres  Lxterieurs  :  HC'I  :  Bought  Out  Items 
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2.  RAPPLLONS  RAPI DEMENT  LEG  QUATRE  CONCEPTS  DE  REDUCTION  DLS  CO UTS 

Nous  les  citons  dan6  3'ordre  chronologique  de  leur  application  chez  M-H-B  : 

2.1  Industrialisation  -  Planche  5 

A  partir  de  specifications  et  d'une  conception  qui,  dans  la  plupart  des  cus,  ne  sont  pas 
remises  en  cause,  la  Direction  Technique  elabore  un  projet.  Ce  projet  fait  l'objet  de  deux 
actions  : 

1)  Un  premier  devis 

2)  Une  industrialisation  qui  consiste  a  rechercher  les  simplifications  et  optimisations 
3ur  les  plans  de  la  construction,  des  approvi si onnements ,  des  dessins,  et  des  gammee 
de  fabrication. 

A  l’issue  de  cette  industrialisation,  de  nouveau  deux  actions  : 

1)  2eme  devis  qui  permet  d'estimer  les  gair.3  de  1 '  industri  ali  sati  on 

2)  Etablissemen t  des  liasses  de  fabrication  par  les  bureaux  d' etudes 

*  noter  (voir  planche  u)  que  le  gain  est  d'autant  plus  important  que  1 ‘action  d'industri  all  sati 
est  introduite  le  plus  en  amont  de  la  conception. 

2.2  L'analyse  de  la  valeur  -  Planche  7 

Une  des  differences  essen tielles  entre  1 'industrialisation  et  1' analyse  de  la  valeur  consist*.* 
a  etablir  un  histogramme  du  cofit  des  fonctions. 

L'histogramme  presente  une  allure  normale  comme  sur  la  partie  haute  de  la  planche.  L*. action  ,j. 
la  reduction  des  coQts  consiste  par  analyse  fine  a  diminuer  les  coQts  par  fonctions. 

L'histogramme,  comme  sur  la  partie  basse ,  presente  un  classement  anormal  des  coQts. 

II  faut  remettre  en  cause  la  conception  et  par  creativite,  elaborer  une  nouvelle  conception 
donnant  un  histogramme  correct. 

2.3  La  conception  a  coGt  de  production  objectif  (C.C.O.)  -  (b.T.C.) 

C'est  une  methode  de  gestion  de  programme  pour  guider  la  conception  dans  le  but  prioritaire 
d'assurer  un  coGt  objectif  (voir  planche  8). 

Nous  trouvons  en  plus  des  specifications  techniques,  un  coGt  objectif  C. 

Ce  coGt  objectif  est  d'abord  verifie  par  calcul  de  coGt  parametre. 

Deux  cas  peuvent  se  presenter  aprec  calcul  : 
lor  cas 

Le  coGt  Cl  est  du  m@me  ordre  que  le  coGt  C  objectif. 

La  reduction  de  coGt  se  fait  a  partir  d'un  projet  par  industrialisation  et  analyse  ile  la 
valeur. 

2 erne  cas 

Le  calcul  de  coGt  parametre  donne  une  valeur  C'l  6uperieure  au  coGt  objectif  C. 

Les  speci f i ca ti one  6ont  remises  en  cause  afin  d'assurer  le  coGt  objectif,  nu  1 ' on  admet 
un  taux  de  change  ( coGt/perf ormance) . 

En  plus  (voir  planche  cj)  »  ce  coGt  est  contrftle  a  toutes  les  grandes  etapes  do  devel oppemen t 
du  produit. 

2.4  La  conception  a  coGt  de  vie  objectif  «■  Planche  10  (D.T.L.C.C.) 

Comme  dans  la  conception  a  coGt  de  production  objectif,  c'est  le  coGt  qui  est  prioritaire, 
main  non  plus  au  niveau  de  la  production,  mais  au  niveau  de  1' ensemble  des  depennes 
( doveloppemen t ,  outilJage,  production,  utilisation,  maintenance). 

3.  LEG  MO YENS  NKCESSA1 RES  -  Planche  11 

Si  l'on  veut  mener  a  bien  les  etudes  de  reduction  des  coGts,  il  faut  disposer  de  m^yrnr. 
performanto  d'estimation  des  coQts  en  mai n-d *  oeuvre  et  en  approvisi onnemen t . 

Off 8  moyens  doivent  fitre  actualizes,  rapi  den  et  fiabloc. 

Actnalioen  par  la  connaiasancc  des  moyens  de  production  et  de  leur  in^idenrp  our  la 
conception  et  les  coGts. 

Rapides  et  fiablen 

Dans  le  rns  de  calculs  classiques,  il  faut  posse der  dor  ahaqiien,  dn,  mrtho.jer. 
et  des  syntheses  de  calculs  de  coGts. 


Dane  le  cas  de  calcula  parametres ,  le  cofit  doit  pouvoir  fitre  exprime  en 
fonction  de  deux  parametres  techniques  et  de  deux  parametres  de  production. 
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Tous  ces  calcula  doivent  6tre  verifies  par  les  realisations. 

Nous  insistons  parti culierement  sur  la  necessite  de  posseder  css  moyens  qui  sont  pour  nous  une 

des  clefs  de  la  riussite. 

EXAHINONS  MAINTENANT  LA  HISE  EN  OEUVRE  E'X  LES  RESULTATS  LE  CHAQUE  CONCEPT 

4.  L'INDUSTRIALISATION  -  Planches  12  et  13 

Pour  nous,  1 ' industrialisation  presents  quatre  domaines  d'activites  differentes  : 

4.1  L' orientation  des  moyens,  par  exeople  : 

Evolution  des  dessins  en  fonction  de  I'emploi  de  machines  a  commande  numerique. 
Avantages  de  I'emploi  d'une  presse  de  65  000  t  sur  les  plans  : 

Performances  et  coflts 
Etude  d'une  unite  de  production  de  frein 

Simplification  de  la  fabrication  de  patins  de  frein  en  liaison  avec  le  fournisseur 
(optimisation  de  la  gamme). 

4.2  Amili oration  de  la  technoligie  industrielle 

Concerne  essentiellement  l'harmonisation  et  l'optimisation  des  gamoee  de  fabrication  avec  le6 
trois  usines  de  notre  groups. 

4.3  Etablissement  des  deris  industrials 

Nous  estimons  que  ces  trois  activites  sont  indispensables  si  l'on  veut  appliquer  et  developper 
les  concepts  de  reduction  des  coflts. 

4.4  Industrialisation  des  materials 

Cost  la  recherche  avec  le  bureau  d'etude  et  avec  l'assintance  dee  services  de  production  des 
solutions  les  plus  Aconomiquee. 

L' industrialisation  se  fait  A  deux  atades  i  au  etade  du  projet  ou  au  stade  de  la  production, 
example  : 

Projet  :  att.  AIRBUS  -  Pompes  hydrauliques 

Production  :  att.  KIRAGE  FI  -  Frein  AIRBUS  -  Electro-distributeur 

Lea  resultats  de  l'industrialisation  sont  d'autant  plus  importants  qu’ils  eont  menes  en  amnnt 
des  etudes. 

4.5  RAsultats  de  l'industrialisation  en  utilisant  le  ratio  :  R 

DEPENSES  D' ETUDES 

Ce  ratio  R  se  situs  aux  environs  de  14.  II  est  superieur  a  14  si  l'on  intervient  au  stade  du 
projet  et  inferieur  4  14  si  l'on  intervient  en  production. 

En  general,  l'industrialisation  amone  : 

Une  baieae  de  cofit  de  production  de  l'ordre  de  12  % 

Une  augmentation  des  pieces  standards  dont  la  valeur  passe  sur  certains  materials 
hydrauliques  de  19  4  57  % 

Des  syntheses  teehnologiques  pour  la  conception 

5.  L' ANALYSE  DE  LA  VALEUR  -  Planche  14 

5.1  Les  points  necessaires  a  1 ' implan tati on  de  1 'analyse  de  la  valeur  sont  : 

RAsultats  pusitifs  de  l'industrialisation 

Rattachement  du  departement  de  reduction  de  cofit  a  la  Direction  Technique 
Bonne  collaboration  avec  les  usines 

Possession  de  methodes  performantes  de  colculs  des  coflts 
Formation  au  travail  en  groups 

5.2  Reduction  des  coflts  par  utilisation  de  l'analyse  de  la  valeur 

En  "Value  Analysis"  : 

Ces  analyses  permettent  de  prnceder  a  den  transfertr,  den  nynther.en  et  den  rerhcrohen 
-  de  nouvellea  solutions,  example,  commande  d ' ori entati on  train  avant. 
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En  "Value  Engineering"  : 

Analyse  dea  fonctions,  histogramme  des  cofits,  recherche  des  solutions  Aliminant  lee 
fonctions  inutiles  et  reduiaant  le  cofit  des  fonctions  principales. 

Exemple  :  frein  carbone  MIRAGE  2000 

5*3  Resultats  de  1* analyse  de  la  valeur 

Ln  utilisant  le  mime  ratio  R  (voir  planche  14) ,  on  constate  que  lea  resultats  sont  plus  per- 
foroants  qu’en  industrialisation. 

6.  CONCEPTION  A  GOUT  DE  PRODUCTION  OBJECTIF  -  Planche  13 
Determination  de  l'objectif  : 

Cette  determination  impose  : 

Une  parfaite  definition  des  specifications  techniques  et  de  production. 

Une  confiance  entre  clients  et  fournisseurs. 

Une  definition  de  taux  de  transaction  (cofit/perforoances) 

Une  evaluation  des  coflts  par  mcthodes  parame trees 

La  projection  13  indique  pour  des  mat6riels  differents,  les  parametres  techniques  et  de 
production  utilises. 

il  faut  disposer  par  type  de  materiels  d'un  nombrc  important  de  devis  dont  les  valeurs  sont 
contrfilees  et  homogenes. 

On  ecrit  1' equation  des  coftts  et  par  regression  logari thmique,  on  recherche  la  valeur  des 
coefficients  rendant  minimum  les  ecarts  entre  les  devis  et  l'equation. 

Mothodologi e 

On  utilise  la  mime  methodologie  qu*en  industrialisation  et  qu'en  analyse  de  la  valeur. 
Toutes  les  solutions  sont  a  chiffrer  rapidement  d'ou  moyens  de  calculs  performants. 

En  plus,  le  cofit  objectif  est  contrftlo  n  tous  les  stades  :  conception,  garame  et 
realisation. 

Resultats  -  Planche  16 

Le  tableau  de  la  planche  l6  donne  les  resultats  obtenus. 

Ils  sont  tree  signi ficati fn  et  verifies  jur.qu'au  stade  des  dessins  et  en  partie  our  les 
gammes  et  en  realisation. 

7.  CONCEPTION  A  COITT  DE  VIE  OBJECTIF  -  Planche  17 

Le  cofit  de  vie  objectif  est  la  3omme  d*.  I1  ensemble  des  dopensc3  depuis  la  conception  jucqu'a 
1 1  utilisation  et  la  maintenance. 

Domaine  d 1 appli cation  chez  M-H-B  : 

Nous  avons  utilise  ce  concept  pour  lec  freins. 

L»analyse  a  porte  essentiellement  sur  : 

1)  Le  cofit  de  production  en  recherchant  : 

La  simplification  maximum  des  dessins 
L ' op timisation  den  fonctions 

L'etude  des  moyens  a  mettre  en  oeuvre  pour  la  fabrication 

2)  Le  cofit  d 1 utili nation  :  cofit  par  atterrissage  (GPL)  Cost  Per  Landing  : 

Ge  enfit  est  pour  1  * utilioateur  primordial. 

II  est  de  I'ordre  de  3  a  6  foiri  le  cofit  d 1  aoqui  si  ti  on . 

Le  GPL  est  la  division  de  la  valeur  den  pieces  consommabl c;  par  1  1  »*ndu  ranr»». 

Lon  travaux  ooncernant  la  reduction  du  CPE  ont  dure  plun  dr  3  nnn  et  ont  •'  1  •  menr*s 
dans  un  cl  imat  do  confiance  avec  le  fournisseur  de  pntinr.  fritter,. 

Les  resultats  appa**ai seen t  our  la  planche  1  .. 

Le  cofit  de  production  pa«f3e  de  1  n  C,33  et  le  cofit  d*  utilise  tier.  (CPi.)  de  ‘i  a  \  ,  *>. 
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RESULTATS  COMPARES  DE  DIFFERENTS  CONCEPTS  DE  REDUCTION  DE  COUTS  -  Planch#  19 
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Industrialisation  et  analyse  de  la  valeur  : 

Le  tableau  met  en  evidence  la  plus  grande  performance  de  l’analyae  de  la  valeur. 

A  noter  que  l'analyee  de  la  valeur,  si  elle  est  environ  50  %  plus  performante  que  l'induatria- 
llsation ,  necessite  un  accrolsseaent  descofits  d'&tude  d'environ  de  10  a  15  %• 

Conception  a  coflt  de  production  et  cofit  de  vie  objectif  : 

L'objectif  fixe  est  en  general  attaint  au  stade  de  la  conception  avec  des  gains  de  l'ordre  de 
30  a  verifier  en  cours  de  production  et  d'utilisation. 

Les  diff£rents  concepts  de  reduction  de  cofit  amenent  d'autres  retombSea  : 

Regie  d'etablissement  des  dessins 
Regie  d'etablissement  des  gammes 
Standardisation 

9.  CONCLUSIONS  -  Planche  20 

L'utilisation  de  concepts  de  reduction  de  cofits  de  plus  en  plus  ordonnee  et  systematises  a 
permis  d'obtenir  des  resultats  concrfits,  mais  ils  impliquent  : 

Une  discipline  de  travail 
La  participation  de  tous 
Le  rattachement  a  la  Direction  Technique 
L' optimisation  des  moyens  de  production 

La  possession  et  1 1 actualisation  de  moyens  de  calculs  de  cofits  performante. 


LA  MISE  EN  OEUVRE  EES  CONCEPTS  DE  REDUCTION  EES  COUTS 
CHEZ  M-H-B  (MESSEER-HISPANO-BUQATTI) 

(Planche  1) 


Production  M-H-B  at  reduction  dea  cotits 
Lea  4  concepts  de  la  reduction  des  cofits 
Les  moyene  neceaaaires 
Industrialisation 
Analyse  de  la  valeur 

Conception  a  cofit  de  production  objectif 
Conception  a  cofit  de  vie  objectif 
RAsultats  des  differents  concepts 
Conclusions 


PRODUCTION  M-H-B 
(Planche  2) 


Equipement 

hydraulique 


Roue- frein 


Nombre  d' ensembles 


Nombre  de  pieces  : 


Temps  d'usinage 


fSj  3  000 

W  50  000 


Temps  moyen 


Quantitec  de  lancement  :  200 


Cycles  (mois) 


REPARTITION  DES  COUTS 
(Planche  3) 


Hydraulique 


.  .i  ' - ~i 

finn-P  'fluvre  j _ _j 


Mat!  ere  +  POE 


ACTIONS  HE  REDUCTION  DES  COUTS 


(Planche  4) 


INDUSTRIALISATION 
(Planche  5) 


GAIN  =  f  (STADE  D' INTERVENTION) 
(Planche  6) 


ANALYSE  DE  LA  VALEUN 
(Planche  7) 

C 


Spoci  f  l- 
cation 


Conception 


Production 


CONCEPTION  A  COUT  EE  VIE  OBJECTIF 
(Planche  10) 


C.C.O.  -  D.T.C. 

1 

Cotlt  de  production  objectif 

CoQt  total 


D.T.L.C.C. 

,  I 

Developpement 
Outillaqes 
\  Production 
Utilisation 
^Maintenance 


MOYENS 

(CALCU1  DES  COUTS) 
(Planche  11) 


Ac tualises 


Moyens  de  production 


Incidences  sur  conception 
et  coflts 


TRES  IMPORTANT 


Rapides 


Clasoiques 

I 

Abaquoa 


Methodes 

I 

Kain-d* oeuvre 


Approvisionnement 


Fiables 


Paramo triquee 

I 

Cofit  =  f  (techniques 


Realisations 


INDUSTRIALISATION 
(Planche  12) 


1  -  Orientation  des  moyens 

2  -  Amelioration  do  la  technoIoRie  industrielle 

3  -  Etabliesement  dec  devis 

1  -  2  -  3  :  INDISPENSABLE* 

4  -  Industrialisation  dec  materiels 

-  Rappel 

-  Projet 

-  Production 


RESULTATC 
(planche  13) 


RATIO  =  H 

r  -  B“r  - 

Etudes 

R  ~  14  >14  Projet 

<(14  Production 

-  Cofit  de  production  =  -  12 

-  Standardisation  19  !.  — ►  97 

-  Syntheses  technolofti ques  pour  perception 


ANALYSE  DE  LA  VALEDR 
(Planche  14) 


-  Points  necessaires 

-  Developpement  de  la  reduction  des  coftts 
par  analyse  de  la  valeur 

•  Value  analysis 
— >.  Orientation 
.  Value  engineering 

-  RSsultats 

RATIO  =  R 


R 

GAIN 

Indus  trialisation 

14 

12  e/c 

Analyse  de  la  valeur 

22 

- 2 - X- 

1?  % 

Valae  Value 

analysis  Engineering 


CONCEPTION  A  COIJT  DE  PRODUCTION  OBJECTIF 

C.C.O. 

(Planohe  15) 

-  Determination 

-  Evaluation  dee  coflts:  mothodes  parametriques 

,  d  (i  t  £  . 

P  =  a(AjcB'xCxD) 

P  =  Oevis 

Determination  de  *,«,  (6,  If  ,  S 
par  regression  exponentielle 

-  4  parametres 


Techniques 

Production 

Accumulateur 

Volume 

Masse 

Quantite 

Cadence 

Energie 

Quantity 

Frein 

Comraande 

hydraulique 

Cadence 

Verin 

Masse 

Effort 

(Juantite 

Cadence 

METilODOLOGIE 
(Planche  16) 

PERMANENCE  DC  CONTROLE  DES  COOTS 
Resultats  : 


Coftt 

initial 

_ ContrSle _ 

Ob  jeoti  f 

Dessin 

Gajnme 

Production 

AS. 332 

1 

0,65 

0,67 

En  coure 

A. 310 

1 

0,95 

0,96 

En  cours 

Dietributeur 

1 

0,7 

0,72 

0,71 

0,69 

Rrue 

1 

0,55 

0,57 

0,55 

0,58 

1 


CONCEPTION  A  COUT  DE  VIE  OBJECTIF 
C.C.V.O. 

(Planohe  1?) 

-  Cotit  objectif  =  2  (doveloppement ,  outillage,  production,  utilisation,  maintenance) 

-  Application  chez  M.H.B.  :  frein 

-  Coflt  de  production  :  -  Analyse  de  la  valeur 

-  Moyena  a  utiliser 

-  Cotit  d'utilisation  :  O'  5  (cofit  d* acquisition) 


C.P.L.  -  ■ - - — — — 

Endurance 

C.P.L.  =  Coat  Per  Landing 


Pieces  consoramables 


RESOLT.'.TS 
(Planche  13) 

Cofit  production 
1  - ►  0,55 

Cofit  d'utilisation  (C.P.L.) 


RESULTATS  COMPARES  DES  DIFFERENTS  CONCEPTS 
(Planche  19) 


Industrialisation  -  Analyse  de  la  valeur 


Developperaent 


Industriali¬ 

sation 


Analyse  de  la 
valeur 


PfiEREFttE 


-  C.C.O.  -  C.CsV.O. 

Objectif  ntteint  a  la  conception  c/o 

-  Autres  retomb£es  : 

•  R6clee  deceine-gamDes 

•  standardisation 


CONCLUSIONS 


(Planche  20) 


-  D6tnonetration  de  la  rentabilite  des  concepts 
de  reduction  de  coGt 

-  Fointo  n6ceGsaireo  : 


•  Confiance 

.  Diocipline 

•  Participation 

•  Rnttachement  a  la  Direction  Technique 

•  Op timieation  des  moyens 

.  MO  YENS  PER  FORMANTS  DEVALUATION  DES  COUT.S 
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G0ST3  TOR  AVION  103 


Irvine  J.  Gabelman 
Technical  Associates 
Rome,  New  York 


SUMMA  RY 

The  continually  increasing  costs  of  avionics  and  weapon  systems  during  acquisition  anl  their  life¬ 
time  operation  is  a  matter  of  grave  concern  to  the  NATO  family  of  nations.  The  NATO  governments  r.eej 
greater  visibility  over  these  life  cy  :le  costs.  Fortunately  there  have  been  formulated  discipline! 
methods  of  providing  such  visibility  and  control.  The  Avionics  Panel  of  AGAKD,  in  an  effort  to  make 
these  methods  more  widely  available,  sponsored  Lecture  Series  100  on  "Methodology  for  lont.ro  1  of  life 
lycle  Gosts  for  Avionics  Systems”.  The  lecture  series  was  implemented  through  the  Consultant  an  1  ex¬ 
change  Program  in  May  1979*  This  paper  summarizes  the  presen tations  given. 

1.  INTRODUCTION 

This  paper  will  summarize  the  AGAiO  L.3.  100  on  "Methodology  for  Control  of  Id  fe  lycle  istr.  for 
Avionics  Systems".  The  lecture  series  was  given  lr.  Bonn,  Germany  on  7-p  May  19°9  and  then  in  Mv,en;:  , 
Greece  on  10-11  May  1979  by  the  following  personnel: 

Lecture  Cerles  Director 


^r.  I.J.  Gabelman 
Technical  Associates 
225  Dale  Road 
Rome,  New  York  13^+0,  USA 

Lecturers 

Mr.  J.  Klion 
haj <HT 

Rome  Air  Development  Center 
Griffiss  Air  Puree  Case 
New  York,  New  York  13^1  UJA 


Dr.  2.N.  Dodson 
General  Research  Corporation 
53^3  Hollis  r  Avenue 
P.0.  box  35B7 

Santa  Barbara,  California  93105.  USA 


Mr.  T.  Kiang 

Bell  Northern  Research  Ltd 
P.0.  Box  3511.  Station  ”C” 
Ottawa,  Canada  K1Y4H7 


Mr.  I.G.  Reich 

DTL/r  and  ICG  Ml  (p.2.) 

Room  TJ 

111  Laron  House 
Theobalds  Road 
London  W  II  \BRY  BK 


•lach  of  the  lecturers  spoke  for  approximately  three  hours.  In  the  brief  time  available  today  only  the 
highlights  of  their  papers  can  be  t resented.  The  complete  papers  are  available  lr.  the  proceeiir.gs  of 
the  lecture  series,  which  may  be  obtained  through  your  nat  ional  di s ti i hut i on  'enter.  The  proceed i  ngr 
contain  an  extensive  bibliography  on  various  aspects  >f  life  lycle  losts  prepare:  by  the  Scientific  an 
Technical  Information  Branch  of  NASA, 


1.1  Clements  of  Life  lycle  Costs 

Advanced  technology  has  made  available  to  the  NA  I\  military  commander  an  array  of  hi  zt 1  y  sophisti¬ 
cated,  extremely  complex  systems  which  help  him  to  reach  is  operational  objectives.  Acquiring  4  hir  in 
creased  capability  however  has  been  costly,  so  costly  that  it  presents  a  significant  budgetary  pmMon. 
to  the  member  nations  of  NATO.  The  Life  lycle  lost.s  (LTG.i,  defined  as  the  total  costs  of  acquiring, 
operating  an  i  supporting  a  system  over  its  life  A  me,  has  come  under  careful  scrutiny.  MethMology  bar 
been  evolved  which  enables  costs  of  current  weapon  systems  to  lie  reduce  i  and  costs  of  weapons  systems 
now  in  development  to  be  controlled. 

The  most  visible  costs  a.-e  those  associated  with  procurement,  research  and  i»*vei<,pmeni ,  ter*  aril 
evaluation.  These  account  for  perhaps  one- third  of  4  he  total  I*!!,  (peratlon  ar.1  maintena  -e,  an  i  man¬ 
power  costs  are  roughly  the  other  two-thirds.  LM  car.  •*?  lowered  by  limiting  performance  o b  !*•  - 1 1  ves  ; 
using  commercial  products?  improving  reliability;  improving  quality  'on* ml  and  tesMrg  procedures 
and  using  simple  iestgns. 

The  lecture  series  speakers  described  several  methodologies  which  enn  *  1  ••  re  iuo*  lor.  i  *•  *  he  •  ••  *  ••  4 

current  systems  and  which  can  be  used  to  control  the  l/M  of  •  -y stems,  now  in  leve  p >?>mer. *  . 

■  JMMAHY  OF  "LIF2  *Y  1L  I  Yvll  ION  MIG ”  -  B.N.  ulson 

Life  lycle  lost,  v  1. 1  I )  analysis  is  discussed  in  the  context,  of  several  manage  men 
Including  (1)  evaluation  of  ltemative  system  concepts  and  iosign:  ,  V  1  level, .pme 
to-cost  programs,  (l)  budgetary  planning  for  selected  systems,  and  <» )  'or.tp.jl  r.f  <■- 
system  acquisition  programs. 

The  two  teunic  approaches  to  LI  I  analysis  are  the  Industrial  er.>*i  n'-erl  ng  an!  the  pa  ram*  -  *  v\ 
"statistical”  approach.  Dodson's  lecture  emphasizes  the  latter,  although  examj  >-  an:  as  *’■  a  1 
the  industrial  engineering  approach  also  given. 
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The  parametric  met  had  Is  well  suited  to  estimating  life  cycle  costs  when  employed  in  the  early 
stages  of  a  programs  "Life  Cycle".  In  these  early  phases  comparatively  few  details  about  the  eventual 
equipments  are  known,  yet  many  of  the  important  program  decisions  must  be  made.  The  parametric  method  is 
based  on  relationships  between  more  aggregated  components  of  system  cost  and  the  physical  and/or  perform¬ 
ance  characteristics  of  the  system.  These  relationships  should  be  derived  from  cost  histories  on  prior 
programs  following  the  principles  of  statistical  Inference.  For  most  new  systems,  the  parametric  approach 
is  the  only  method  that  can  be  used  to  make  an  estimate  from  the  limited  information  available  during  con¬ 
cept  formulation,  l.e.,  when  only  mission  and  performance  envelopes  are  defined.  Only  subsequently  when 
detailed  contractor  proposals  are  being  prepared  can  the  industrial  engineering  procedures  be  applied. 
Furthermore,  parametric  methods  provide  the  analyst  with  an  inexpensive  means  of  examining  the  impact  on 
cost  of  a  variety  of  changes  in  system  performance  requirements  -  information  on  particular  importance 
during  the  early  phases  of  the  development  and  planning  processes . 

2.1  Parametric  Cost  Analysis 

The  lecture  describes  the  basic  elements  and  methods  of  parametric  cost  analysis.  While  there  are 
clearly  defined  steps,  it  is  emphasized  that  the  overall  process  is  iterative.  The  steps  given  arei 

1.  Statement  of  Objectives  -  As  in  any  analysis  there  must  be  a  clear  statement  of  objectives  such 
as  l)  comparison  and  evaluation  of  costs  vs  benefits,  2)  establishment  of  budgets,  3)  comparing  costs  with 
competing  alternatives. 

2.  Cost  Chart  of  Accounts  -  The  next  step  is  to  develop  a  formally  structured  table  of  cost  elements 
to  be  examined.  One  way  to  structure  the  cost  chart  is  by  means  of  a  two  dimensional  array,  one  axis  of 
which  defines  the  end  items  such  as  laser  optics  while  the  second  lists  various  elements  of  the  system 
life  cycle  such  as  Initial  tooling 

3.  Formulation  of  Cost  Hypotheses  -  This  includes  the  hypothesizing  of  basic  estimating  equations 
in  which  cost  is  the  dependent  variable  and  selected  performance,  design,  or  program  characteristics  serve 
as  Independent  variables.  Various  mathematical  forms  for  these  equations  are  discussed,  together  with  the 
requirements  for  the  underlying  engineering  rationale  to  support  the  estimating  equations. 

4.  Collection  and  normalization  of  Relevant  Historical  Data  -  Data  sources  are  discussed,  together 
with  the  several  procedures  required  to  ensure  that  data  from  various  sources  are  consistely-defined  and 
comparable . 

5*  The  Use  of  Statistical  Techniques.  The  developing  and  validating  of  specified  mathematical  equa¬ 
tions  for  estimating  costs  is  discussed.  There  is  also  given  steps  that  can  be  pursued  if  no  valid  esti¬ 
mating  relationships  are  established. 

The  lectures  also  consider  methodological  refinements  to  LCC  analysis.  These  Include  methods  of 
measuring  technological  change  and  incorporating  the  effects  of  these  changes  in  life-cycle  cost  analysis. 
These  procedures  are  especially  pertinent  to  electronics  and  avionics  systems  (which  —  more  than  any 
other  type  of  equipment  —  are  characterized  by  rapid  technological  change). 

Throughout  the  discussions  of  life-cycle  costing,  procedures  and  the  extensions  involving  changing 
technology,  specific  examples  of  avionics  hardware  and  software  are  given.  Software  poses  a  number  of 
unique  problems  which  are  discussed.  These  examples  are  drawn  from  the  author’s  work  for  the  National 
Aeronautics  and  Space  Administration  ahd  other  agencies,  and  from  other  published  work. 

In  addition  to  the  U3e  of  these  procedures  in  life-cycle  cost  analysis,  the  lecture  illustrates 
their  use  in  evaluating  risks  associated  with  development  and  production  of  avionics  equipment. 

Also  considered  are  the  unique  requirements  associated  with  design- to-cost  programs.  Experience  with 
several  ongoing  programs  is  given,  together  with  the  outlook  for  future  developments  in  deslgn-to-cost 
procedures . 

3.  SUMMARY  OF  "THE  DEVELOPMENT  AND  IMPLEMENTATION  OF  LIFE  CYCLE  COST  METHODOLOGY"  by  T.  D.  Kiang 

3.1  Introduction 

Dell-Northern  Research  (3NR)  has  developed  a  life  cycle  cost  (LCC)  methodology  suitable  for  Canadian 
forces  environments.  For  this  methodology,  a  model  has  been  developed  which  has  the  capability  of  relating 
system  LCC  to  its  availability.  The  LCC  of  a  system  is  defined  as  the  sum  total  of  all  present  and  future 
costs  incurred  in  acquisition,  operating  and  maintaining  the  system.  Availability  is  defined  as  the  prob¬ 
ability  that  at  any  point  in  time  the  system  is  operating  satisfactorily. 

The  model  is  computerized  and  tied  into  the  field  data  collected  under  the  maintenance  management 
Information  systems  for  the  Canadian  forces  operational  environments.  It  is  very  comprehensive  containing 
some  59  functional  nodules.  The  methodology  was  developed  primarily  to  meet  the  needs  of  the  Canadian 
Department  of  National  Defence  (DND).  By  standardizing  on  this  methodology,  DND  obtains  a  common  starting 
point  for  LCC  evaluations.  The  methodology  could  be  extended  to  non-DND  applications  to  conduct  LCC  and 
availability  analyses  on  complex  systems  such  as  power  distribution,  transportation  and  communication  net¬ 
works.  The  methodology  can  also  be  adapted  to  specific  requirements  for  sensitivity  analyses,  evaluation 
of  reliability  improvement  warranties,  engineering  economy  studies,  and  other  applications. 

3.2  LCC  Methodology 

The  methodology  by  BNR  is  unique  in  that  the  model  relates  LCC  and  availability  in  quantitative  terms. 
The  DND  LCC  model  will  maximize  system  availability  for  a  given  cost  constraint,  or  minimize  LCC  for  a 
given  availability  requirement.  The  model  is  designed  to  carry  out  comparative  studies  for  decision¬ 
making  at  various  stages  of  system  life. 

Due  to  the  non-linear  and  complex  relationship  between  availability  and  LCC,  a  marginal  allocation 
approach  was  used.  To  facilitate  the  computation,  the  mathematical  expressions  were  programmed  in 
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Fortran  IV  using  an  IBM  370/168  virtual  machine.  The  !,!?£?!? 

mlts  rapid  access  to  modify  Input  data  to  carry  out  sensitivity  analyses. 


of  the  computerized  model  per- 
and  gives  the  user  rapid  results. 


3.4  Conclusions 

The  study  successfully  demonstrates  the  application  of  the  DND  LCC  model  to  «*»<««»"“ J^ffs 
operating  environments.  The  generalized  model  can  he  applied  to  complex  systems  to  perform 
between  LCC  and  availability.  The  analysis  takes  Into  account  recurring  and  non-recurring  costs  hardware 
configuration,  reliability  data,  and  variations  In  maintenance  and  logistics  support.  It  permits  rapid 
sensitivity  to  cost  drivers. 


The  DND  LCC  Is  a  useful  tool  for  comparative  studies.  Because  the  model  Is 
In  structure.  It  will  find  applications  beyond  DND  wherever  It  is  desireable  to 
on  complex  systems. 


generalized  and  modular 
optimize  LCC/avallablllty 


4.  SUMMARY  OF  "RECENT  EXPERIENCE  IN  THE  DEVELOPMENT  AND  APPLICATION  OF  LCC  MODELS"  by  Jerome  XI Ion 


The  analysis  and  study  of  LCC  of  complex  weapon  systems  la  facilitated  by  the  use  of  models.  This 
paper  l)  Introduces  some  representative  available  models,  2)  discusses  their  development,  3)  points  out 
their  shortcomings  and  sensitivities,  and  4)  shows  several  recent  applications.  Information  on  other 
models  may  be  obtained  In  several  references  given  in  a  brief  bibliography. 


Acquisition  cost  models  are  discussed  first.  There  are  two  general  types  -  development  cost  models 
and  production  cost  models.  The  models  are  developed  from  empirical  relationships  found  among  the  relevant 
variables  In  available  data.  These  relationships  are,  In  many  cases,  found  by  a  mathematical  technique 
known  as  regression  analysis.  Klion's  paper  examines  In  some  detail  this  technique  and  gives  some  examples 
of  Its  application. 


Reliability  has  a  significant  Impact  on  LCC.  In  the  development  cycle,  efforts  are  made  to  maximize 
the  reliability  of  the  developed  equipment.  These  reliability  efforts  Include  failure  analysis,  design 
reviews,  parts  screening,  standardization,  environmental  testing,  etc.  The  General  Electric  Company  under 
contract  to  RADC  developed  a  model  which  Included  relationships  enabling  the  determination  and  prediction 
of  costs  of  reliability  efforts  to  the  reliability  of  the  developed  equipment.  This  model  and  Its  applica¬ 
tion  to  various  avionic  equipment  developments  Is  discussed  In  Klion's  paper.  Also  discussed  in  detail  Is 
a  similar  study  performed  by  the  Hughes  Aircraft  Company  on  ground  and  shipboard  electronic  equipment. 
Application  of  the  Hughes  model  to  ten  electronic  systems  is  given.  In  both  these  studies,  quantitative 
relationships  are  derived  which  allow  prediction  of  reliability  and  reliability  costs  hased  on  such  vari¬ 
ables  as  the  total  number  of  parts  (analog  and  digital)!  predicted  and  specified  MTBF ,  The  relationships 
established  allow  for  trade-offs  among  parameters  so  that  the  reliability,  unit  production  cost,  etc.  can 
be  varied  and  optimized  in  accordance  with  specified  criteria.  The  methodology  which  was  developed  allows 
the  analyst  to  compare  the  reliabilities  that  could  be  expected  from  various  combinations  of  the  following; 
different  designs,  growth  testing  programmes,  levels  of  part  quality,  screening  methods  and  burn-ins,  and 
amount  and  severity  of  limited  environmental  testing.  The  cost  methodology  also  allows  for  a  comparison  of 
the  associated  unit  production  costs. 


LCC  modeling  Includes  operation  and  support  cost  models.  These  models  are  basically  analytical  In 
nature.  That  Is,  an  operations,  maintenance  and  support  scenario  Is  first  developed  and  around  this 
scenario,  a  complete  cost  model  Is  developed.  Some  of  the  factors  considered  In  the  development  of  such 
models  ares  the  quantitative  effect  of  reliability  on  the  number  of  maintenance  actions  and  spare  parts 
requirements!  the  effect  of  maintainability  on  the  number  of  maintenance  manhours  required,  and  on  the 
manpower  required  per  maintenance  action,  the  development  of  materiel  costs,  and  costs  per  manhour,  for  the 
required  maintenance  activities,  etc.  A  virtual  plethora  of  such  models  have  been  developed  In  the  past; 
one  report  published  almost  eight  years  ago  contained  46  different  models. 


Another  type  of  LCC  model  examines  reliability  as  a  capital  investment  (l.e.,  an  expenditure  of  funds 
In  the  expectation  of  a  worthwhile  return).  Using  standard  economic  analysis  procedures,  the  model  allows 
one  to  compute  the  return  In  reduced  maintenance  costs  of  a  system  procured  with  the  elements  of  a  compre¬ 
hensive  reliability  program  versus  the  return  of  a  system  with  an  abbreviated  reliability  program.  Another 
model  was  formulated  to  compute  the  cost  of  a  comprehensive  reliability  program.  Standard  budgeting  proced¬ 
ures  were  employed,  Including  consideration  of  overhead,  general  and  administrative  (CAA),  and  profit  factors 
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Given  the  appropriate  development,  production,  and  operation  and  support  costs  for  a  system,  o 
then  sum  them  to  estimate  total  life  cycle  costs.  It  is  obvious  that,  sfnce  each  estimate  Is  subje 

to  some  degree  of  Inaccuracy  or  error,  the  total  LCC  will  1*  sensitive.  In  different  degrees,  to  some 
combination  of  the  Inherent  errors.  A  research  program,  and  results  are  described  which  quantifies  model 
sensitivity  and  develops  procedures  for  estimating  confidence  intervals  for  LCC  models 


The  last  section  of  the  paper  describes  applications  of  ICC  models  In  recent  U.c.  Mr  Force  procurements 
Including  some  which  utilized  reliability  improvement  warranties  to  minimize  LCC . 

5.  GUMMA RY  OF  "PROBLEMS  IN  THE  INVESTIGATION  OF  RELIABILITY  ASSOCIATED  LCC  OF  MILITARY  AIRBOHNE  BY'! .  EMC” 
by  Peter  G.  Reich 

Mr.  Reich’s  lecture  dealt  with  "Reliability  Associated  Life-Cycle  Costs”.  These  costs  fall  into  two 
main  categories! 


Investment  Costs.  These  are  the  costs  attributable  to  activities  that  pertain  to  achieving  or  im¬ 
proving  the  reliability  and  maintainability  of  systems. 


b.  Support  Co: 


'hese  are  the  maintenance  costs  Incurred  during  the  service  life  of  the  system. 


Jointly  these  are  the  "RIM"  costs. 

RftM  costs  are  difficult  to  ascertain  and  even  more  difficult  to  compare  from  system  to  system.  They 
obviously  can  be  varied  in  accordance  with  the  level  of  operational  effectiveness  that  is  sought  or  per¬ 
mitted  Mr.  Reich  points  out  that  drawing  statistical  inferences  by  a  purely  statistical  treatment  of 
costs  in  past  projects  is  a  very  difficult  undertaking  mainly  because  of  the  many  interacting  factors 
which  influence  R4M  and  because  data  on  these  factors  is  not  always  available  or  complete. 

Several  aircraft  subsystems  were  chosen  for  study  of  RftM  costs.  These  included  the  ILS  receiver, 

AI  radar,  transponders,  air  conditioning  electrical  supply,  propulsion,  etc. 

The  lecture  does  not  give  quantitative  results  but  does  discuss  the  method  of  study  of  these  sub¬ 
systems  and  the  associated  problems.  The  study  method  outlined  is  as  follows i 

a.  Collection  of  representative  samples  of  data  on  defect  rates,  associated  maintenance  activities 
and  unit  costs  of  the  activities. 

b.  Collection  of  samples  of  data  from  which  to  estimate  losses  of  operational  effectiveness. 

c.  Estimate  the  life  costs  of  maintenance  associated  with  identified  generic  types  of  cause. 

d.  Estimate  the  losses  of  operational  effectiveness  associated  with  generic  types  of  cause. 

e.  Highlight  the  most  important  causes  of  maintenance  costs  and  of  loss  of  operational  effectiveness. 

f.  Conduct  historical  review  of  the  project  with  particular  reference  to  the  cost  and  effectiveness 
of  the  R4M  activities,  and  to  other  factors  affecting  in-service  reliability. 

g.  Hypothesize  (and  assign  costs  to)  additional  R4M  activities  that  might  have  been  profitably 
applied  at  various  stages  of  the  project. 

h.  Estimate  the  R4M  gains  associated  with  these  additional  activities. 

i.  Translate  these  gains  in  R&M  to  savings  in  life  maintenance  costs  and  Increased  operational  ef¬ 
fectiveness. 

j.  Generalize  the  results  of  i  to  cover  whole  airborne  weapon  systems,  and  Indicate  potential  re¬ 
turns  on  Investment  in  future  projects. 

k.  Give  a  paradigm  for  the  conduct  of  R4M  activities  in  future  major  projects,  based  on  a  to  j 


It  is  seen  that  steps  a  through  1  constitute  a  detailed  "case  study"  of  each  sub-system,  and  that  this 
Involves  a  thorough  Investigation  of  the  "background",  i.e.,  the  initial  operational  requirements,  time- 
scales,  contractual  arrangements,  and  revisions  to  specification,  etc.  Steps  g  through  i  concentrate  on 
the  potential  for  Improvement  (one  measure  of  which  is  the  achievable  reduction  in  life-cycle  costs)  to 
guide  the  formulation  of  policies  for  future  projects. 

Mr.  Reich  emphasizes  that  RAM  studies  are  difficult  to  exploit  because  of  the  l)  varying  definitions 
of  RAM,  2)  differences  in  scheduled  maintenance  policies,  3)  variations  in  type  of  data  taken  and  in  the 
methods  of  acquisition,  4)  relatively  short  sampling  periods  compared  to  length  of  inservice  life,  5) 
relevance  of  pertinent  desired  operational  effectiveness,  etc. 

In  the  concluding  sections  of  his  lectures,  Mr.  Reich  deals  with  the  relationship  of  operational 
effectiveness  to  life  cycle  costs.  He  gives  an  example  of  a  wartime  effectiveness  model  which,  for  a 
given  type  of  airborne  weapons  system,  can  be  used  to  investigate  sensitivities  to  parametric  values. 

The  system  chosen  consists  of  an  aircraft  and  payload  designed  for  close-support  role  in  land  battles. 

6.  CONCLUSIONS  AND  OBSERVATIONS 

6.1  Background 

Mr.  O.C.  Bolleau,  formerly  president  of  Boeing  Aerospace  Corporation,  in  a  speech  to  the  National 
Security  Industrial  Organization,  remarked  that  he  had  a  recurrent  nightmare  wherein  all  of  the  aerospace 
engineers  in  the  free  world  are  being  monitored  by  all  the  civil  servants.  The  engineers  are  building  a 
solid  gold  airplane  that  can  fly  backwards  and  has  a  price  tag  equal  to  the  national  debt.  He  went  on  to 
say  that  what  really  bothered  him  was  that  he  saw  variations  of  that  nightmare  during  the  day  in  real 
life  without  closing  his  eyes. 

Mr.  Soileau's  statements  are  graphic  observations  of  the  increasing  LCC  of  military  systems.  Fort¬ 
unately  the  problem  of  mounting  LCC  was  recognized.  In  the  U.5.  some  fundamental  examinations  of  the 
traditional  methods  and  concepts  of  development,  acquisition,  operation  and  support  of  military  systems 
were  undertaken  by  the  department  of  defense.  DOD  Directive  5000.28  was  Issued  which  explicitly  empha¬ 
sized  that  management  of  weapon  systems  would  ensure  establishment  of  "costs  as  a  parameter  equal  in 
Importance  with  the  technical  requirement  and  schedules".  Three  major  points  were  made  in  Directive  5000. 28i 

1.  043  cost  goals  and  unit  acquisition  costs  should  be  specified  early  in  the  procurement  cycle. 

2.  Specific  measurable  quantities  such  as  ffTBF  should  be  established  contractually  and  measured 
during  the  test  and  evaluation  phase  and  in  operation. 

3.  Incentives  to  reduce  LCC  should  be  established. 


One  of  the  principal  considerations  leading  to  DODD  5000.28  was  the  decline  In  purchasing  power  for 
new  weapon  acquisition  due  to  the  Increasing  OAS  costs.  Formerly  little  explicit  attention  was  given  to 
outyear  support  and  operating  costs  during  developsent.  Now  a  decision  coordinating  paper  (DCP)  Is 
agreed  to  by  the  DOD  and  the  military  services  to  ensure  that  the  following  points  are  considered  In  their 
weapon  system  procurements i 

1.  OAS  cost  visibility 

2.  Design  trades  to  minimize  LCC 

3.  Contract  incentives  to  reduce  OAS  costs 

4.  Logistics  alternatives. 


This  eaphasis  by  govemnent  and  Industry,  not  only  In  the  U.S.  but  also  In  the  other  aesbers  of  NATO,  on 
LCC  activated  an  aggregation  of  techniques  fron  engineering  and  mathematics  Into  a  coherent  discipline 
addressed  to  the  task  of  reducing  LCC  -  of  satisfying  the  goals  of  DODD  5000.28  and  the  DCPs. 

LS  100  was  an  integrated  series  of  lectures  assembled  to  acquaint  the  AGARD  community  with  these 
techniques  and  with  the  results  of  their  application.  Bach  lecture  addressed  a  major  aspect  of  LCC, 
presenting  background,  definitions,  principles,  applications  and  results.  These  lectures  have  been 
summarized.  The  remainder  of  this  paper  comments  on  the  content  of  each  of  the  lectures. 

6.2  Life  Cycle  Cost  Concept  -  E.N.  Dodson 

Dodson  develops  methods  for  obtaining  "Cost  Estimating  Relationships"  (CERs).  These  are  mathematical 
equations  linking  measurable  physical  attributes  of  a  system  to  its  cost.  An  extremely  simple  CER  for 
attack  and  fighter  aircraft  might  be 


Production  Cost  *  $230  x  weight  In  lbe. 


range, 


This  CER  could  be  amplified  and  improved  by  Including  other  operational  parameters  such  as  speed, 
rate  of  climb,  etc.  An  example  of  a  more  complex  CER  developed  In  a  USAF  sponsored  study  In  which 
over  40  operational  radar  systems  were  evaluated  relates  development  cost  to  several  radar  parameters 
as  follows i  * 

In  C  -  -0.784  -  0.205  In  A  +  0.165  D  +  0.151  In  P  +  0.028  +  1.370  TD 


where 

C  “  Radar  system  development  cost 
A  “  Antenna  aperture 
D  -  Degree  of  development 
P  ■  Peak  power 
S  *  Sensitivity 

SC  *  Number  of  special  circuits 
TD  “  Type  of  development 


Dodson  shows  how  to  develop  CERs  by  statistical  parametric  analysis  -  that  Is  CERs  are  derived  by 
statistically  analyzing  data  on  similar  operating  systems  or  subsystems  and  correlating  cost  with 
physical  and  functional  parameters. 


The  method  is  well  established  and  as  Dodson  points  out  Is  the  only  one  available  to  the  LCC  analyst 
for  most  new  systems. 


Another  method,  treated  superficially  In  the  paper,  Is  the  "Industrial  Engineering  Approach"  wherein 
coat  categories  are  defined  at  an  elemental  level  with  each  element  of  the  system  quantified.  While  this 
method  allows  for  simulation,  trade-offs  and  expert  inputs  at  detailed  levels.  It  may  be  difficult  to 
implement  because  of  unavailability  of  detailed  data  and  also  can  be  overly  subjective. 

There  are  two  methods  which  are  comparatively  simple  which  are  not  Included  In  Dodson's  paper. 

These  are i 


1.  Analogy  -  i.e.,  when  the  system  being  procured  Is  essentially  the  same  as  one  previously  purchased. 
In  such  Instances,  estimation  of  cost  would  be  based  on  simple  adjustments  such  as  for  quantity  and 
Inflation. 

2.  Scaling,  l.e.,  when  the  new  system  being  procured  Is  similar  to  one  procured  In  the  past  but  with 
some  modification.  The  estimating  factors  are  more  complex  than  in  the  analogy  method  but  still  simple. 

The  last  part  of  Dodson's  paper  treats  the  Incorporation  of  technological  advance  as  a  factor  In  CERs. 
This  Is  an  area  to  which  Dodson  has  made  many  original  contributions.  It  Is  obviously  a  significant  factor 
In  LCC  and  one  which  Is  very  difficult  to  quantify. 

At  some  point  In  the  acquisition  cycle,  decisions  are  made  on  design  detail  which  become  difficult  to 
modify  or  change.  Planning  may  begin  however  appreciably  before  this  point  In  time  and  there  is  an  Interval 
which  may  be  appreciable  In  which  the  state  of  the  art  (SOA)  advances.  Dodson  Introduces  a  technique  In 
technique  In  which  an  SOA  surface  Is  generated  based  on  historical  data.  CERs  then  include  a  factor  which 
accounts  for  changes  In  the  SOA  surface  due  to  technological  advances. 


H.  Balban,  W.  Schoenfeld,  J.  Witt,  Prediction  of  Development  Costs  for  large  Radar  Systems,  ARINC 
Research  Corporation,  RADO  Technical  Report  TH  67-217,  April  1967 
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6.3  Life  Cycle  Coat  Methodology  -  T.D.  Kiang 

CERs  allow  for  the  calculation  of  costs  for  a  given  system  or  for  any  component  thereof.  In  any  system 
of  appreciable  complexity,  such  as  most  weapon  systems,  several  CERs  are  used  to  compute  the  overall  LCC. 
Furthermore  LCC  are  dependent  on  variables  whose  limits  are  specified  by  considerations  such  as  operational 
effectiveness.  The  management  of  system  LCC  Involves  carrying  out  comparative  engineering  studies  of  the 
many  options  available  at  different  times  In  the  life  cycle.  These  studies  are  more  easily  conducted  with 
the  use  of  computer  models. 

The  defense  establishments  of  several  of  the  NATO  family  of  nations  have  sponsored  development  of 
such  models  for  use  In  life  cycle  management  of  systems  from  acquisition  to  disposal.  Mr.  Xiang's  paper 
Is  representative  of  such  an  application  by  the  Department  of  National  Defense  In  Canada. 

Fig.  1  shows  the  structure  of  the  DND  model  developed  by  Bell  Northern  Research  Ltd.  Arrows  Indicate 
Important  relationships  between  system  effectiveness  and  LCC. 


rig.  2  illustrates  the  many  applications  of  the  aodel  in  various  stages  of  the  life  cycle. 
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Fig.  2 


The  aodel  has  been  used  by  DND  in  the  aanagenent  of  several  systems  very  successfully.  Mr.  Kiang 
details  a  case  study  on  the  AN/ARN  $04. 

6.4  Application  of  LCC  Models  -  Jeroae  Klion 

Dr.  Dodson  developed  the  concept  of  CKRs  and  Mr.  Kiang  applied  the  concept  in  the  computer  model 
developed  for  DND.  A  successful  impleaentation  and  utilisation  was  accomplished.  The  development  of  an 
LCC  aodel  however  is  an  extremely  complex  undertaking,  Mr.  Klion's  paper  discusses  the  mathematical  and 
statistical  techniques  used  in  deriving  CBRs  such  as  regression  analysis.  His  paper  for  the  first  time 
in  the  lecture  series  addresses  reliability  as  a  constraint  variable  in  LCC.  LCC  is  highly  dependent  on 
reliability  and  its  associated  measure  meantime  before  failure  OTBF.  It  Is  intuitively  apparent  that 
as  the  requirement  for  the  reliability  increases  that  acquisition  costs  will  Increase  and  that  04A  costs 
will  decrease.  Pig.  3  displays  the  classic  saddle  shaped  curve  of  LCC  vs  MTBF  for  the  AN/ARC'l64,  an 
aircraft  communication  system.  Klion  devotes  the  major  portion  of  his  paper  to  LCC  reliability  con¬ 
siderations.  It  is  thorough  and  well  documented. 
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RELATIONSHIPS  OF  QUANTITY  (1000)  PROCUREMENT  COSTS, 
LIFE  CYCLE  (10-YEAR)  MAINTENANCE  COSTS, 

AND  TOTAL  PROGRAM  COSTS  TO  EQUIPMENT  MT8F 


Fig. 3 


6.5  Problem  of  Reliability  Associated  LCC  -  P.G.  Reich 

This  paper  continues  the  emphasis  of  the  depsndence  of  LCC  on  reliability.  Reich's  main  contribution 
however  Is  his  questioning  of  the  data  used  In  ICC  forecasting.  He  claims  that  differing  interpretations 
of  reliability  and  maintainability  lead  to  Inaccurate  specification  of  data  to  be  collected  and  used  in 
applicable  CERs.  This  criticism  Is  well  taken  and  emphasizes  the  importance  of  understanding  without 
ambiguity  the  meaning  of  data  used.  Much  of  the  criticism  directed  at  LCC  forecasting  and  analysis  is 
not  rsally  a  criticism  of  the  discipline  but  rather  suggests  that  any  evaluative  process  will  suffer  if 
the  data  used  is  faulty  or  uasd  Incorrectly. 


14-1 

DESIGN  TO  COST  VIEWED  AGAINST  THE  ACHIEVEMENT  OF  OPTIMUM  SYSTEM  CAPABILITY 

by 

R.G.Rose 

Marconi  Avionics  Lid 
Rochester,  UK 

In  defining  the  cost  of  a  product,  account  must  be  taken  of  design  and  development, 
manufacture,  training  and  training  aids,  support  equipment  such  as  test  equipment, 
special  tools  etc.,  documentation,  transportation  and  handling,  operating  and 
maintenance  and  finally,  retirement  and  disposal.  These  can  be  broken  down  into 
two  parts;  one  time  costs  and  recurring  costs.  One  time  costs  will  include  design 
and  development,  manufacture,  training,  documentation  and  facilities.  Recurring 
costs  normally  include  re-training  where  necessary,  poet  design  improvement  studies, 
operating  and  maintenance  costs  and  transportation  and  handling.  These  two  groups 
are  interactive  in  as  much  as  poor  design  usually  will  result  in  heavy  maintenance 
costs  and  design  for  the  reduction  of  operating  and  maintenance  costs  will  usually 
result  in  higher  design  and  development  costs  for  the  achievement  of  the  results 
required.  There  is  another  point  in  product  design  that  must  be  considered  as 
part  of  Assets  Management,  and  that  is  the  required  availability  or  state  of  readi¬ 
ness  of  the  equipment  to  perform  the  tasks  for  which  it  was  developed.  In  this 
context,  availability  means,  as  far  as  the  aircraft  is  concerned,  that  is  must  be 
available  for  despatch  whenever  required,  irrespective  of  that  part  of  the 
operational  envelope  which  is  to  be  applied.  This  will,  of  course,  include 
deployment  of  aircraft  as  part  of  the  operational  role. 

It  is  this  latter  that  I  would  like  to  deal  with  in  some  depth.  An  aircraft  can  be 
made  available  to  a  high  level  of  probability  by  having  an  infinite  number  of  spares 
and  very  short  fault  diagnoses  and  repair  times.  One  of  the  problems,  as  far  as 
military  aircraft  are  concerned,  is  that  although  they  could  have  an  infinite  number 
of  spares  available,  the  probability  of  them  being  where  they  are  required,  particularly 
in  a  state  of  war,  is  remote.  We  must  therefore  consider  other  methods  that  will 
achieve  higher  levels  of  availability  and  at  the  same  time  achieve  the  lowest  Life 
C^cle  Cost.  Among  the  problems  to  be  resolved  are  the  facts  that,  although  things 
are  beginning  to  change,  the  design  specification  usually  covers  the  performance 
requirements  and,  to  some  degree  at  least,  the  reliability  requirements  quite 
thoroughly,  but  does  not  specify  how  the  operational  role  of  the  aircraft  is  to  be 
ensured  under  the  various  conditions  that  it  could  be  required  to  operate.  The 
Military  Services  probably  feel  that  this  is  their  business  and  that  they  have 
adequate  techniques  and  facilities  to  handle  these  problems. 

However,  the  achievement  of  a  high  level  of  operational  readiness  will  not  be  met 
by  the  routine  observation  of  performance,  reliability  and  support  needs  alone.  Their 
obtainment  requires  systematic  evaluation  of  the  design  and  support  character! sties 
as  part  of  the  systems  engineering  process  by  technically  qualified  specialists. 


This  involves  the  interactive  assessment  of  the  impact  the  design  will  have  on  the 
technical  specification  of  the  total  support  requirements.  The  effectiveness  of 
such  an  assessment  and  its  influence  on  design  is  dependent  on  the  meaningful 
application  of  an  integrated  Logistics  Support  concept  during  all  phases  of 
acquisition. 

All  too  often  systematic  consideration  of  the  solutions  to  the  problem  of  total 
support  does  not  begin  until  the  system  is  in  the  production  or  deployment  phases. 
While  some  elements  of  support  may  receive  early  attention,  it  is  rare  that  the  total 
support  planning  has  a  major  impact  on  systems  design.  This  lack  of  timely  and 
systematic  planning  adversely  affects  the  operational  availability  and  cost  of 
ownership.  This  really  means  that  the  design  to  cost  should  involve  design  to 
total  cost.  Each  cost  element  should  be  clearly  indicated  so  that  those  studying 
proposals  and  bid  packs  can  see  exactly  what  they  are  paying  for,  and  slot  each 
cost  into  its  own  budget  element  in  such  a  way  that  different  government  departments 
can  compare  apples  with  apples  when  giving  consideration  to  competitive  bids. 
Unfortunately,  the  achievement  of  high  states  of  readiness,  fluidity  of  deployment, 
often  to  areas  where  support  equipment,  or  labour,  or  facilities  are  not  immediately 
available  and  may  not  be  available  during  a  particular  mission,  will  usually  be 
reflected  in  the  acquisition  of  costs.  This  is  because  of  the  interaction  between 
design  for  performance,  reliability,  maintainability  and  testability.  To  this  must 
be  added  Logistics  Support  costs.  It  is  felt  that  a  highly  skilled  Logistics 
Support  Engineer  should  not  only  be  a  part  of  the  basic  design  team  from  the  outset, 
but  also  be  influential  in  the  design  review  and  considerations.  The  Logistics 
Support  Engineer  selected  for  this  type  of  work  should  be  a  highly  qualified  and 
very  experienced  engineer,  well  versed  in  the  latest  technologies  and  capable  of 
recommending  even  later  technologies  in  the  satisfaction  of  the  total  operational 
and  logistics  requirements.  Logistics  Support  engineering  must  be  added  to  the 
basic  qualifications.  Pure  logistics  would  not,  I  feel,  satisfy  this  role.  This 
engineer  must  have  a  thorough  and  intimate  knowledge  of  not  only  the  hardware  design 
activities,  but  also  and  probably  more  important,  the  total  application  to  which 
the  customer  proposes  to  put  the  aircraft  in  both  peacetime  and  wartime  conditions, 
taking  the  worst  cases  into  account.  Among  the  tools  available  to  the  Logistics 
Support  engineer  would  be  simulation  mathematical  models,  and  by  continuous 
interaction  with  the  computer,  he  would  be  able  to  go  into  numerous  optimisation 
loops  to  study  the  effects  of  design  to-date  on  the  required  state  of  readiness  or 
availability,  and  make  design  change  recommendations  particularly  in  the  areas  of 
maintainability,  for  the  achievement  of  the  required  potential  state  of  readiness 
keeping  cost  of  ownership  in  mind  at  all  times.  During  this  process,  consideration 
will  be  taken  on  the  likely  types  and  periods  of  forward  deployment,  labour 
availability  and  capability  at  the  various  levels  of  maintainability,  availability 


of  spares,  and  the  facilities  to  replace  and  repair  faulty  equipment,  together  with 
the  probabilities  of  survival  of  the  various  equipments  during  the  various  required 
mission  periods. 

In  the  meantime,  it  would  be  expected  that  the  reliability  engineers  would  be 
exerting  their  influence  on  the  design  in  the  selection  of  components,  devices  and 
techniques  to  achieve  the  highest  probability  of  survival  during  the  tyDes  of 
missions  envisaged  by  the  aircraft  user.  This  would  include  rigorous  and  expensive 
reliability  testing  and  proving  and  at  the  same  time  aiming  to  obtain  a  Mean  Time 
to  First  Failure  which  is  close  to  the  ultimate  MTBF. 

A  number  of  companies  such  as  IBM  have  been  applying  this  technique  for  many  years. 
As  you  know,  IBM  rent  their  equipment  around  the  world,  and  the  greatest  Iobb 
leader  that  they  could  have  would  be  high  levels  of  equipment  maintenance.  They 
therefore  spend  a  lot  of  time  and  money  on  ensuring  that  once  a  piece  of  hardware 
has  been  installed  it  will  be  operational  as  soon  as  possible  and  give  minimal 
problems  during  the  first  phases  of  its  operation  and  as  little  trouble  as  can 
be  achieved  during  its  life  time.  It  is  agreed  that  they  have  scheduled  maintenance 
but  at  the  same  time,  it  is  expected  by  the  user,  who  is  usually  involved  in  his 
worst  problems  during  the  time  while  he  is  putting  programs  onto  a  computer  and 
proving  them,  that  during  the  early  life  of  the  computer  there  must  be  as  little 
hardware  failure  or  malfunction  as  possible.  That  means  a  high  Mean  Time  to  First 
Failure  as  a  primary  requirement.  The  achievement  of  Mean  Time  to  First  Failure, 
commensurate  with  the  ultimate  MTBF,  can  be  both  at  the  same  time  an  expensive 
exercise  and  also  a  highly  cost  saving  one  in  the  long  run.  It  will  mean  close 
interaction  with  the  Design,  Quality  Assurance  Organisations  and  Production 
Departments  in  the  development  and  qualification  of  production  and  testing 
techniques. 

With  electronic  equipment  it  requires  very  few  rogue  units  to  considerably  lower 
the  total  population  MTBF.  Another  thing  is  that  these  rogue  units  cause  serious 
problems  whereever  they  exist.  The  avoidance  of  them  by  extensive  pre-delivery 
reliability  testing  should  be  an  absolute  necessity,  but  when  thy  do  exist,  their 
isolation  must  be  rapid  and  ruthless. 

This  opens  us  a  number  of  subjects  associated  with  original  design.  Maintainability, 
the  flexibility  with  regard  to  the  possible  levels  at  which  maintenance  can  be 
performed  in  the  interest  of  low  cost  of  ownership  or  high  levels  of  aircraft 
availability.  Testability,  which  should  produce  two  objectives.  Firstly,  the 
capability  of  equipment  being  tested  in  depth  at  the  highest  possible  level. 

Secondly,  to  provide  data  retievai  of  each  individual  piece  of  equipment  so  that 


the  rate  of  reliability  of  each  item  in  a  population  can  be  monitored.  Maintain¬ 
ability  must  be  flexible.  Only  a  very  short  time  ago,  aircraft  first  line 
maintenance  of  its  systems  by  anything  other  than  removal  and  replacement  of  black 
boxes  was  unheard  of.  This  was  largely  due  to  the  technology  which  was  available 
during  that  design  era.  Results  obtained  from  built-in  test  equipment  were  limited 
in  their  application.  It  did  isolate  to  a  fairly  high  percentage  faulty  units,  and 
occasionally  modules  within  a  unit,  but  with  the  advent  of  the  so-called  five  day 
war  and  other  short  period  forward  base  requirements,  considerably  more  first  line 
maintenance  may  be  necessary,  because  squadrons  may  have  to  be  placed  in  remote  and 
sometimes  cut-off  areas  where  general  spares  supplies  and  highly  qualified  maintenance 
staff  may  not  be  available. 

New  technologies  are  increasingly  able  to  assist  in  this  aspect  if  they  are  included 
in  the  original  design.  Testability  techniques  can  considerably  assist  in  opening 
up  the  whole  maintenance  concept.  In  technology  now  becoming  available,  it  is 
possible  by  the  use  of  small  highly  efficient  on-board  computers,  to  carry  out 
complete  systems  tests  and  display  the  pertinent  information  to  the  pilot,  the 
flight  engineer  or  the  site  engineer.  New  satellite  technology  would  enable  these 
results  to  be  forwarded  directly  to  a  base  computer.  This  computer  could  carry  out 
a  full  fault  diagnosis  and  display  back  to  the  aircraft  the  corrective  action  in  a 
simple  but  effective  form.  To  use  this  procedure  effectively,  the  Logistics 
Support  engineer,  during  the  mathematical  modelling  techniques,  would  have  to  be 
very  selective  in  the  contents  of  the  fly-away  packs  and  the  labour  limitations 
in  fitting  and  testing.  This  engineer  would  also  have  to  be  active  in  respect 
to  the  base  computer  programmes  so  as  to  ensure  compliance  with  a  maintenance  plan 
optimised  to  suit  the  circumstances.  The  application  of  this  form  of  technology 
will  cause  changes  in  the  preparation  of  component  maintenance  manuals  which  would 
now  become  computerised,  and  probably  task  orientated,  with  very  little,  if  any, 
hard  copy  except  as  a  possible  back-up.  The  days  of  hard  copy  component 
maintenance  manuals  must  be  becoming  numbered  anyway.  This  is  becu  ise  on  the  one 
hand,  equipment  is  becoming  so  complex  and  its  manuals  so  complicated,  that  they 
are  very  difficult  for  anyone  other  than  a  highly  trained  expert  to  understand  .  On 
the  other  hand,  individual  electronic  components  are  becoming  very  reliable  with 
the  result  that  repetition,  which  aids  retention  after  training,  is  becoming  1  ess  and 
more  spread  out.  This  is  making  re-training  a  much  more  constant  problem. 

Computerised  manuals  carrying  out  fault  diagnoses  and  corrective  action  selection 
could  present  to  the  line  mechanic  a  clearly  defined  maintenance  task. 


At  second  line  and  at  depot  level,  it  is  assumed  that  automatic  tpst  equipment  will 
be  used  for  those  black  boxes  which  could  not  be  repaired  at  first  line  and  it 
would  also  be  used  for  the  sub-repairable  assemblies.  Programmable  devices  attached 
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to  these  units  could  store  information  with  respect  to  the  condition  and  performance 
of  the  unit.  During  the  cycle  of  the  unit  on  the  automatic  test  equipment,  information 
contained  in  the  device  could  be  discharged  into  a  computer  attached  to  it.  This 
information,  together  with  that  held  in  the  base  computer,  would  produce  a  data  base 
from  which  adequate  monitoring  of  the  performance  and  reliability  of  each  serialised 
item  could  be  achieved.  With  this  information  available,  design  engineers  could 
quickly  and  accurately  identify  areas  requiring  post  design  improvement  analysis  and 
action.  On  the  other  hand  it  would  avoid  all  too  frequent  modification  embodiment 
to  improve  reliability  when  in  fact  there  was  no  design  problem.  The  problem  could 
have  been  that  of  Quality  Assurance  handling,  lack  of  understanding  of  the  test 
procedure  in  the  manuals,  in  fact  anything  but  design. 

It  could  be  argued  that  the  techniques  that  I  have  described  would  both  increase 
cost  and  at  the  same  time  degrade  reliability.  Considering  the  cost  first,  I  feel 
that  it  is  only  fair  to  say  that  they  would  increase  acquisition  costs.  I  think 
that  this  is  inevitable.  However,  if  the  Life  Cycle  Cost  is  being  performed 
concurrently  with  all  of  the  other  studies  being  carried  out  by  the  Logistics  Support 
engineer,  the  ultimate  cost  should  be  reduced.  This  would  be  the  object  of  carrying 
out  the  various  optimising  studies.  On  the  other  hand,  if  the  criterion  was 
availability,  to  a  very  high  degree  the  cost  would  be  higher,  but  still  tightly 
controlled.  However,  it  is  felt  that  the  aim  should  be  to  optimise  performance, 
reliability,  testability  and  availability  to  the  lowest  Life  Cycle  Cost  achievable. 

This  would  require  limits  and  tolerances  to  be  put  on  these  four  elements  in  the 
original  specification,  otherwise  the  Logistics  Support  engineer  cannot  apply 
optimising  techniques. 

A  satisfactory  Life  Cycle  Cost  analysis  should  reduce  the  quantities  and  hence  the 
cost  of  expensive  spares.  It  should  optimise  the  application  of  test  equipment 
and  its  location.  It  should  be  able  tc  specify  the  grades  of  labour  required  and 
indicate- their  most  satisfactory  location.  It  should  therefore  substantially  reduce 
the  maintenance  costs.  Thus  an  aircraft  more  available  at  lower  total  life  cycle 
cost  should  ensue  as  a  result  of  the  work  causing  higher  acquisition  costs.  The 
optimising  process  should  be  a  continual  interactive  exercise  from  the  onset  of 
development  right  through  to  the  end  of  the  life  cycle.  A  great  deal  of  assistance 
would  come  from  the  reliability  data  reporting  from  the  actual  service  environment 
from  an  aircraft  that  would  be  available  from  the  data  base  suggested  earlier.  It 
would  assist  not  only  with  the  isolation  of  problems  and  the  solution  in  existing 
design,  but  would  produce  sound  foundations  for  future  designs,  something  that  we 
lack  at  the  present  time. 


With  regard  to  reliability,  anything  added  to  a  design  must,  by  virtue  of  its  being 
included  in  the  hardware,  degrade  the  reliability.  Often  a  reasonable  degredation 
of  reliability  can  be  tolerated  to  achieve  other  advantages  such  as  higher 
maintainability  or  higher  availability.  Like  everything  else  the  degrading  effect 
on  reliability  must  be  taken  into  account  as  part  of  the  whole  optimisation  process. 
Availability  over  fixed  periods  will  depend  on  reliability.  It  would  therefore  be 
a  major  data  element  in  the  mathematical  modelling  process. 

The  title  or  the  term  "Design  to  Cost"  worries  me  because  the  true  definition  of  it 
is  elusive,  and  I  can  only  look  for  a  parallel  in  the  domestic  products  industry. 

It  is  fairly  easy  for  a  company  to  employ  a  first  class  industrial  designer  who 
will  produce  a  very  fine  looking  piece  of  equipment,  capable  of  performing  a  1  ot 
of  functions,  and  then  look  for  the  market  that  can  afford  to  pay  for  it.  Some 
manufacturer's  equipment,  such  as  washing  machines,  are  very  expensive,  because 
they  have  used  good  components,  high  quality  techniques,  the  best  of  design,  and 
they  have  set  out  to  produce  a  long  lifed  reliable  product.  The  others  will  design 
for  a  lower  priced  market,  using  lower  cost  components,  a  less  costly  design,  and 
merely  hope  that  the  piece  of  equipment  will  live  until  the  warranty  runs  out.  I 
know  that  this  is  not  being  quite  fair  to  all  of  industry,  but  between  the  two 
limits  we  have  the  situation  where  the  buyer  is  looking  firstly  at  the  low  acquisition 
costs  and  then  at  the  performance  of  the  functions  he  requires,  paying  high 
maintenance  costs  as  he  goes  along.  Another  type  of  purchaser  will  look  not  only  at 
the  performance  and  the  asthetics  of  the  particular  piece  of  equipment,  but  also 
for  longevity  and  low  maintenance  costs.  I  think  that  the  same  problem  exists 
with  the  Aviation  Industry.  If  we  were  to  look  at  the  acquisition  costs  only,  it 
is  easy  to  design  a  low  cost  item  that  will  perform  as  it  is  required  to  perform. 

It  will  not  necessarily  be  reliable  -  sometimes  it  is  extremely  difficult  to 
maintain  and  its  support  costs  are  very  high  indeed.  Lack  of  good  quality  in 
manuals,  which  are  part  of  the  acquisition  cost,  will  ensure  high  cost  of 
maintenance  and  high  wastage  . r  expensive  components.  So  I  would  like  to  end  with 
the  thought  that  I  feel  that  we  should  design  for  total  cost,  indicating  clearly  in 
our  proposals  every  element  that  makes  up  the  cost,  leaving  the  choice  to  the  buyer 
to  select  those  items  that  he  requires  to  pay  for,  for  the  operation  of  his  aircraft 
and  his  equipment. 
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All  of  the  NATO  nations  are  faced  with  a  major  concern  for  the  growing  cost  of  defence 
and  the  need  to  ensure  that  cost  and  performance  are  optimized.  The  requirements  and 
related  costs  of  weapon  systems  have  come  under  close  examination.  The  entire  life  cycle 
of  a  weapon  system  and  its  subsystems  must  be  examined.  Design  and  development  must  now 
consider  not  only  the  cost  of  production  but  also  deployment,  training,  operational  use, 
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1 .  INTRODUCTION 
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1.2  In  the  brief  time  available  today  only  the  high  lights  of  the  papers  may  be 
presented.  The  complete  papers  are  available  in  the  proceedings  of  the  lecture 
series,  which  may  be  obtained  through  your  national  distribution  centre.  The 
proceedings  contain  an  extensive  bibliography  of  methodology  for  Design  to  cost 
of  Aircraft  Engines  prepared  by  the  Scientific  and  Technical  Information  Branch 
of  NASA. 

2.  Summary  of  "AN  AFPROACH  TO  AIRCRAFT  TURBINE  ENGINE  LIFE-CYCLE  ANALYSIS" 
by  R  Nelson. 

This  paper  describes  a  methodology  for  life-cycle  analysis  of  aircraft  turbine  engines 
derived  from  historical  data.  The  methodology  enables  the  weapon-system  planner  to 
acquire  early  visibility  of  cost  magnitudes,  proportions,  and  trends  associated  with  a 
new  engine's  life  cycle,  and  to  identify  "drivers"  that  increase  cost  and  can  have  the 
effect  of  lowering  capability.  The  procedure  followed  was  to:  develop  a  theoretical 
framework  for  each  phase  of  the  life  cycle;  collect  and  analyze  data  for  each  phase; 
develop  parametric  cost  estimating  relationships  (CERs)  for  each  phase;  use  the  CERs  in 
examples  to  ascertain  behavior  and  obtain  insights  into  cost  magnitudes,  proportions, 
and  trends,  and  to  identify  cost-drivers  and  their  effects;  and  examine  commercial 
experience  for  cost  data  and  operational  and  maintenance  practices. 

The  methodology  is  applied  at  the  engine  subsystem  and  aircraft  system  levels  for  a 
military  fighter  aircraft  to  demonstrate  that  decisions  about  engine  performance/ 
schedule/cost  must  be  made  at  the  system  level.  Commercial  considerations  are  also 
discussed,  as  is  some  limited  historical  experience  about  engine  monitoring,  an 
approach  to  obtaining  the  necessary  information  and  procedures  for  performance  and  cost 
feedback  to  the  engine  designer. 

The  study  was  prompted  by  the  fact  that  the  costs  of  acquiring  and  owning  turbine  engines 
have  escalated  steadily  over  the  years  for  both  military  and  commercial  users.  Most  of 
the  causes  are  readily  apparent.  Demands  for  higher  overall  quality  —  meaning 
performance,  primarily,  for  the  military  —  have  resulted  in  larger  engines  that 
produce  greater  thrust,  run  hotter,  are  costlier  to  maintain,  and  entail  higher  basic 
engine  prices.  Material  costs  associated  with  engine  price  have  also  risen  rapidly 
in  the  recent  past;  over  the  long  term,  however,  labor  costs,  primarily  in  the  manu¬ 
facturing  sector,  have  risen  proportionately  more  so. 

The  chief  problem  confronting  this  study,  as  it  has  confronted  past  researchers,  is  the 
lack  of  disaggregated,  homogeneous,  longitudinal  ownership  data  that  are  specific  to 
particular  engine  types,  notably  at  the  base  and  depot  level.  The  collection  of  such 
data  will  be  necessary  for  perfecting  the  methodology,  which  weapon-system  planners  can 
then  use  to  calculate  the  costs  and  benefits  of  a  proposed  engine  for  a  new  aircraft  in 
the  early  stages  of  planning  and  selection. 

For  a  new  military  engine  (acquired  and  owned  under  conditions  similar  to  those  with  the 
previous  engines  constituting  the  data  base)  that  will  have  an  operational  lifespan  of 
15  years,  the  findings  indicate  that: 

Engine  ownership  costs  are  signif icantly  larger  than  and  different  from  those  found 
in  previously  published  studies.  For  instance,  engine  depot  and  base  maintenance 
costs,  not  including  fuel  and  attrition,  can  exceed  engine  acquisition  costs. 

This  finding  is  true  for  current  fighter  and  transport  engines. 

Depot  costs  alone  can  exceed  procurement  costs. 

Component  inprovement  programs  (CLP)  conducted  during  the  operational  life  of  an 
engine  can  cost  as  much  as  it  did  to  develop  the  engine  to  its  initial  model 
qualification. 

If  component  improvement  and  whole  spare  engine  procurement  are  considered  owner¬ 
ship  costs,  then  ownership  currently  constitutes  at  least  two-thirds  of  total 
engine  life-cycle  cost.  This  is  true  for  current  supersonic  fighter  and  subsonic 
transport/bomber  engines. 

Satisfying  results,  in  terms  of  statistical  quality,  theoretical  behavior,  and 
experience  from  past  programs,  were  obtained  from  modeling  performance/schedule/ 
cost  relationships  for  the  development  and  production  of  military  engines;  mixed 
but  promising  results  were  obtained  in  modeling  ownership  costs  for  military  engines. 

Application  of  the  models  obtained  in  this  study  indicates  that  there  is  a 
continuing  trend  in  the  direction  of  higher  ownership  costs,  measured  in  both 
absolute  dollars  and  as  a  percentage  of  total  life-cycle  costs.  Increasing  depot 
cost  is  the  primary  reason  for  this  trend.  The  production  cost  of  the  engine 
(and  its  parts)  is  a  contributor  to  depot  and  base  support  costs,  but  so  are  owner¬ 
ship  policies. 


The  engine  maturation  process  must  be  more  fully  understood  if  improved  analytical 
results  are  to  be  obtained  and  applied  to  new-engine  selection.  It  takes  an 
engine  a  long  time  to  mature  (commercial  experience  indicates  five  to  seven  years). 
Consequently,  average  ownership  costs  are  significantly  higher  during  that  period 
than  mature-engine  steady-state  costs  in  terms  of  dollars  per  flying  hour,  the 
yardstick  most  commonly  used.  Hopefully,  engine  monitoring  systems  should  assist 
in  providing  designers  with  the  necessary  information  in  the  future. 

5.  Summary  of  "DESIGN  TO  LIFE  CYCLE  COSTS  INTERACTION  OF  ENGINE  AND  AIRCRAFT" 
by  E  J  Jones. 

The  distribution  of  Life  Cycle  Costs  for  a  typical  combat  aircraft  between  airframe, 
avionics  and  engine  is  discussed.  The  distribution  of  Life  Cycle  Cost  for  the  aircraft 
between  development,  production,  initial  support  and  operation  and  support  is  compared 
with  the  distribution  for  the  engine.  The  effect  of  fleet  size  and  service  life  upon 
the  Life  Cycle  Costs  are  indicated.  The  large  commitment  of  Life  Cycle  Costs  early  in 
the  conceptual  and  feasibility  phase  of  the  programme  is  indicated.  The  choice  of  engine 
is  an  example  of  this  early  commitment.  The  relative  effect  of  the  choice  of  single  or 
twin  engine  installation,  of  a  de-rated  engine  or  the  use  of  an  existing  engine  upon 
the  engine  Life  Cycle  Costs  and  the  interaction  with  aircraft  costs  is  discussed.  The 
severe  operating  conditions  for  the  engine  of  a  combat  aircraft  are  reviewed.  Reduced 
support  costs  are  not  expected  to  give  a  large-fold  return  on  extra  engine  development 
investment. 

4.  Summary  "PROGRESS  ON  THE  US  AIR  FORCE  APPROACH  FOR  THE  PRACTICAL  MANAGEMENT 

OF  ENGINE  LIFE  CYCLE  COSTS"  Presented  by  Col  Richard  E  Steere  USAF. 

This  paper  presents  progress  of  the  USAF  efforts  to  more  effectively  influence  the 
life  cycle  costs  of  newly  acquired  gas  turbine  power  plants.  A  combination  of  technical 
and  business  practice  initiatives  have  been  undertaken  or  planned  across  the  entire  life 
cycle  spectrum,  ie  from  first  entry  with  the  exploratory  development  program  thru'  the 
decision  to  phase  the  product  out  of  the  active  inventory.  References  are  made  to 
earlier  papers  dealing  with  the  identification  and  management  of  life  cycle  costs,  such 
as,  the  so  called  "New  Developments  Concepts"  and  the  "Engine  Structural  Integrity 
Program".  This  paper  addresses  the  status  of  those  technical  and  management  activities 
and  presents,  for  the  first  time,  various  business  concepts  and  strategies  being 
studied  by  the  US  Air  Force  which  complement  the  earlier  initiatives  as  they  impact 
engine  life  cycle  costs.  The  role  of  the  USAF  Propulsion  System  Program  Office  as  the 
continuing  focal  point  for  these  life  cycle  efforts  will  be  discussed.  The  ideas 
presented  are  not  new  as  they  have  been  employed  successfully  at  one  time  or  another 
on  an  individual  basis  in  the  development  and  support  of  military  and  commercial  gas 
turbine  power  plants.  What  is  new,  is  the  systems  management  view  of  the  life  cycle 
process  and  what  can  be  done  practically  today  vs  tomorrow  to  enhance  engine  life  cycle 
costs  in  an  integrated  fashion. 

5.  Summary  "MILITARY  AIRCRAFT  ENGINE  PROGRAMME  WITH  COST  TARGETS"  C  Foure ,  SNECMA 

This  paper  discusses  some  approaches  for  such  programmes;  including  Value  Engineering, 
reliability  and  maintainability  studies ,  direct  engineering  operating  cost  as  considered 
by  the  Airlines  and  technological  effort  management.  Suitable  organisation  is  considered. 
Cost  Prediction  techniques  should  be  available  at  each  phase  of  a  programme.  Their 
credibility  with  regard  to  1)  the  effort  needed  for  their  development  and  2)  the  decision 
to  be  made  on  the  basis  of  these  results  was  important.  The  value  conception  reviewed 
and  trade  off  factors  discussed.  Possible  actions  are  discussed  when  targets  are  fixed 
or  revised  after  initial  definition  phase;  with  or  without  any  design  changes.  Measures 
for  economy  needed  by  fuel  cost  rises  are  considered. 

6.  Summary  of  "THE  APPLICATION  OF  DESIGN  TO  COST  AT  ROLLS-ROYCE"  by 

R  J  Symon  and  K  J  Dangerfield 

This  paper  describes  the  work  done  in  the  Bristol  Group  of  Rolls  Royce  Aero  Division  and 
shows  how  the  Production  Cost  Control  System  (of  which  Design  to  Cost  is  part),  which 
from  the  disappointing  experience  of  value  Engineering  in  the  1960s,  is  leading  to 
encouraging  results  and  major  financial  benefits. 

A  new  type  of  department  has  been  created  as  timely  control  of  costs  require  new  inter 
active  links  between  management  discipline  at  all  levels. 

The  extent  to  which  life  cycle  costs  are  driven  by  component  costs  and  the  inpact  of 
"Design  Liaison"  activity  during  the  design  cycle  is  discussed. 

Detailed  examination  of  some  2000  detailed  drawings  of  several  engines  already  in 
production  by  teams  of  designers,  detail  draughtsmen  and  production  engineers  gave  a 
very  thorough  understanding  of  the  origin  of  unnecessary  cost.  This  emphasised  the 
paramount  need  for  Design,  Detail,  Development  and  Production  Engineers  to  work  as  a 
team  in  parallel,  for  the  most  cost  effective  design  and  manufacturing  methods.  It  lead 
to  the  formation  of  the  Production  Cost  Control  Discipline  charged  as  a  routine  to  advise 
designers  on  costs  as  the  stress  office  or  weights  office  does  on  stress  and  weights 
respectively.  The  objective  was  to  manage  cost  as  the  Engine  Development  and  manu¬ 
facturing  Production  Programmes  were  managed.  Production  Cost  Control  (PCC)  is  Design 
to  Cost  sind  Manufacture  to  Cost. 


7.  Summary  of  "LOGISTICS  FORECASTING  FOR  ACHIEVING  LOW  LIFE  CYCLE  COSTS" 

by  G  Walker. 

Engines  currently  under  development  and  some  that  are  now  entering  military  service 
have  been  designed  under  the  discipline  of  Design  to  minimum  Life  Cycle  Cost  (LCC). 

A  major  contributor  to  the  achievement  of  lower  IOC  has  been  the  adoption  of  the  On 
Condition  Maintenance  concept  (OCM).  OCM  provides  the  potential  for  reduced  LCC  by 
fully  utilizing  potential  parts  life  and  reducing  maintenance  frequency.  Traditional 
concepts  of  engine  maintenance,  which  have  been  based  on  fixed  frequency  inspections/ 
overhauls,  have  required  comparatively  unsophisticated  forecasting  to  provide  adequate 
logistics  support.  With  the  advent  of  OCM  on  the  other  hand,  logistics  requirements 
are  heavily  influenced  by  wearout  characteristics  and  usage  severity.  In  such  cases 
more  sophisticated  forecasting  methods  are  required  which  realistically  represent  the 
dynamics  of  the  logistics  system  inherent  in  such  a  maintenance  philosophy.  If 
efficient  logistics  management  is  to  be  attained,  such  forecasting  tools  should  also 
provide  the  capability  to  perform  trade-off  studies  on  the  cost  effectiveness  of  alter¬ 
native  maintenance  or  logistics  systems.  The  use  of  modelling  methods  which  are  proving 
practical  in  forecasting  and  trade-off  analyses  and  therefore  in  establishing  an  optimum 
logistics  and  support  environment  is  explored.  Methods  discussed  include  the  consider¬ 
ation  of  wearout  characteristics  where  components  exhibit  an  age-related  replacement 
rate,  and  also  replacement  of  components  which  may  have  a  specified  maximum  life  in 
terms  of  operating  cycles  or  mission  severity.  The  use  of  engine  history  recorders  and 
parts  tracking  systems  and  their  impact  on  achieving  optimum  LCC  is  also  discussed. 

8.  Summary  of  "TURBINE  ENGINE  TECHNOLOGY  AND  FIGHTER  AIRCRAFT  LIFE  CYCLE  COSTS" 

by  F  S  Timson. 

The  primary  link  between  aircraft  life  cycle  cost  (LCC)  and  turbine  engine  technology 
is  the  size  of  the  aircraft  required  to  perform  a  given  mission.  Many  engine 
characteristics  influence  fighter  aircraft  size  and  LCC.  Some  of  the  most  important 
characteristics  include  thrust-to-weight  ratio,  specific  fuel  consumption,  bypass  ratio, 
augmentation,  and  engine  life.  This  paper  describes  an  approach  to  the  analysis  of  the 
relationship  between  fighter  aircraft  LCC  and  turbine  engine  characteristics,  using 
engine  thrust-to-weight  ratio  and  mission  average  specific  fuel  consumption  as  examples. 
The  engine  selection  problem  in  aircraft  configuration/sizing  studies  is  described  in 
terms  of  the  relationship  of  engine  characteristics  to  aircraft  sizing  and  cost 
estimating.  The  use  of  aircraft  LCC  carpet  plots  to  analyze  LCC  sensitivity  to  engine 
characteristics  is  illustrated.  The  relationship  of  engine  technology  and  time  to  these 
plots  is  described.  Aircraft  I£C  and  gross  takeoff  weight  are  compared  as  measures  of 
merit  for  selection  of  engine  characteristics.  Results  are  presented  for  a  few  typical 
tactical  aircraft.  Findings  suggested  by  these  analyses  are  that  engine  mission  average 
specific  fuel  consumption  is  more  important  than  engine  thrust-to-weight  in  determining 
aircraft  LCC,  and  there  may  be  an  economic  benefit  to  accelerating  the  pace  of  engine 
technoloby  advancements. 

9.  Summary  of  "EVALUATING  AND  SELECTING  THE  PREFERRED  AIR-BREATHING  WEAPON  SYSTEM" 

by  Frank  A  Watts. 

Aerospace  contractors  are  continuously  attempting  to  detect  new  military  requirements 
emanating  from  changing  international  threats.  In  claryifying  the  requirements  and 
defining  a  weapon  system, contractors  are  led  down  multiple  paths,  depending  upon  whether 
they  are  influenced  more  by  the  military  technology  agencies,  the  operating  commands, 
the  headquarters  general  staff,  of  the  civilian  secretaries. 

In  arriving  at  the  preferred  military  system,  contractors  have  established  a  reputation 
that  is  generally  accepted  by  military  organisations.  Too  often,  however,  these  weapon 
systems  fail  to  pass  the  budgetary  approval  process  because  of  inadequate  cost  analysis. 
This  paper  discusses  life-cycle  costs  of  three  strategic  forces,  each  having  equal 
effectiveness,  with  the  objective  of  isolating  the  preferred  air-breathing  component. 

Terms  are  defined,  cost  elements  are  reviewed,  and  an  example  is  described  in  which 
various  strategic  forces  containing  advanced  aircraft  are  compared  and  the  preferred  choic 
is  dependent  upon  whether  least  cost  is  measured  by  short-term,  long-term,  or  immediate 
budgetary  considerations. 

10.  CONCLUSION  AND  OBSERVATION 

10.1  It  was  emphasised  repeatedly  that  operation  and  support  had  to  be  considered 
and  specialist  involvement  secured  at  the  earliest  phase  of  a  project.  This  view 
supported  the  various  attempts  to  quantify  the  opportunity  for  reducing  operating  and 
support  costs  at  various  phases  of  the  project,  and  the  commitment  of  a  very  high 
proportion  of  the  Life  Cycle  Costs  during  the  concept  and  definition  phase. 

10.?  Even  so  the  speakers  nearer  the  "sharp  end"  of  the  project  the  designers, 
manufacturing  specialists  and  the  logistic  specialists  emphasised  that  savings  of  up 
to  J0%  could  be  made  during  these  phases  by  the  use  of  multi-discipline  management 
techniques;  the  importance  of  in  service  data  collection  and  analysis  was 
emphasised. 
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10.3  The  severe  operating  conditions  for  engines  particularly  in  military  service 
was  emphasised.  On  going  engine  Component  Improvement  Programmes  which  were  needed 
throughout  the  service  life  of  the  engine,  usually  exceeded  substantially  the  cost 
of  development  prior  to  engine  qualification.  An  engine  Lead-the-Force  programme 
was  a  potentially important  method  to  reduce  engine  operating  and  support  costs. 

10.4  It  was  agreed  that  advanced  engines  were  a  large  part  of  aircraft  LCC  but 
the  economic  benefit  of  an  advanc'  l  technology  engine  was  to  reduce  the  aircraft 
size  and  so  the  LCC  of  the  complete  system. 

10.5  It  was  important  to  consider  LCC  including  operating  and  support  costs  but 
near  term  budget  constraints  could  limit  the  full  implementation  of  LCC  techniques 
at  the  project  design  or  selection  stage. 
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SUMMARY 


The  turbine  engine  is  a  major  contributing  subsystem  in  the  life  cycle  cost  (LCC) 
of  an  aircraft  weapon  system.  Advanced  technology  of  turbine  engines  has  a  significant 
Impact  on  LCC,  and  is  addressed  in  this  paper.  To  adequately  assess  this  advanced 
technology,  LCC  techniques  are  being  developed  which  are  sensitive  to  performance, 
structural  design,  manufacturing  processes,  reliability  and  maintainability.  These 
techniques  are  then  used  to  determine  the  performance/llfe/cost  trade-offs  of  the 
advanced  technology.  An  overview  of  current  efforts  in  LCC  techniques,  and  trade-offs 
is  given. 


INTRODUCTION 


The  overall  objectives  of  our  efforts  in  the  area  of  LCC  are  two:  first,  to 
determine  the  cost  impact  of  our  advanced  technology,  and  second,  to  identify  and 
pursue  those  technologies  which  offer  the  greatest  potential  in  cost  reduction.  This 
paper  will  include  a  perspective  of  turbine  engine  LCC,  and  then  an  overview  of  current 
efforts  on  the  methodology  and  application  of  design-to-llfe-cycle-cost . 

The  LCC  of  a  system  can  be  catagorlzed  into  three  phases:  the  Research,  Develop¬ 
ment,  Test  and  Evaluation  (RDT&E)  phase,  the  Acquisition  phase  and  the  Operation  and 
Support  (O&S)  phase.  Figure  1  shows  the  LCC  of  an  advanced  tactical  weapon  system. 

All  costs  are  shown  as  a  percent  of  total  weapon  system  LCC.  A  fuel  cost  of  $1.17  per 
gallon  ($0.31  per  liter)  was  used.  As  can  be  seen  from  this  figure,  the  engine, 
Including  the  fuel  it  uses,  is  a  major  component  of  weapon  system  LCC  (Ref.  1). 


:.r  Ft-. 


Figure  1  -  Life  Cycle  Cost  of  an  Advanced  Tactical  Weapon  System 
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LIFE  CYCLE  PHASES 

In  the  RDT&E  phase,  the  major  cost  components  are  design,  hardware,  and  test. 
Current  studies  indicate  that  hardware  accounts  for  50*  of  engine  RDT&E  costs,  test  for 
30*  and  design  for  20%. 

In  the  Acquisition  phase,  previous  cost  estimating  efforts  determined  that  the 
single,  most  significant  parameter  in  estimating  the  acquisition  (or  production)  cost 
of  an  engine  is  its  thrust  (Ref.  2).  It  follows  then  that  the  cost  per  pound  of  thrust 
is  a  relative  measure  of  the  acquisition  cost  of  an  engine.  Figure  2  is  a  graph  of 
cost  per  pound  of  thrust,  for  military  engines  in  the  Inventory,  plotted  against  their 
Military  Qualification  Test  (MQT)  date.  The  cost  of  engines  were  normalized  to  con¬ 
stant  year  dollars,  equivalent  production  rate,  and  equivalent  production  quantity. 

The  slope  of  the  curve  shown  is  a  measure  of  the  Increase  in  cost  of  engines  with  time. 
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Figure  2  -  Turbine  Engine  Production  Cost  Trend 


Let  us  now  consider  the  04 IS  phase.  One  of  the  difficulties  in  this  phase  is  sum¬ 
marized  In  a  Comptroller  General  of  the  United  dates  report  which  states,  "It  is. 
almost  universally  held  that  the  greatest  obstacle  to  preparing  reliable  I.CC  est  .mates. 
Is.  the  absence  of  a  data  base  segregating  total  ownership  cost  by  w  ar  on"  (Ref  :). 
However,  we  are  making  gains  in  this  area  (Ref.  4).  Hardware  failures  in  the  i  phas* 
are  a  cost  driver.  Figure  3  shows  the  basic  causes  of  engine  failure.  Come  •!'  the 
causes  are  well  understood,  others  are  not.  A  difficulty  encountered  In  understanding 
failures,  Is  the  combination  of  two  or  more  basic  causes  contributing  to  a  failure. 

The  mechanism  of  failure  of  these  combined  caus.es  is,  difficult  to  analyze,  and  t  he 
failure  difficult  to  predict. 

The  operational  use  of  the  engine  is  a  major  factor  in  determining  its.  etc  cost  . 
Efforts  are  going  on  to  understand  and  quantify  tills  usage  effect.  Figure  4  is  a  set 
of  graph.,  comparing  the  engine  related  operational  characteristic:;  of  two  airplanes 
flying  in  formation.  As  can  be  seen  from  the  graphs  In  Figure  4,  the  power  setting, 

engine  speed,  and  tailpipe  temperature  for  the  wingman  . . .  I  derah  1  y  different  'ban 

that  of  the  flight  leader,  even  though  both  alrplatr’s  are  flying  at  the  same  speed  and 
altitude.  The  resultant  temperatures,  pressures,  and  st.ress.es  throughout  t-hc  engines, 
art  quite  different,  and  hence,  the  useful  life  of  certain  engine  components  can  In¬ 
significantly  different. 
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CYCLE  MECHANICAL  FATIGUE 


Figure  3  -  Causes  of  Turbine  Engine  Failures 


ENGINE  SPEED 


TAILPIPE 

TEMPERATURE 


26-4 


Fuel  is  becoming  a  very  important  factor  in  the  0&3  phase.  Figure  5  shows  the  A1 
Force  cost  of  fuel  for  the  last  eight  years.  Note  that  the  cost  of  fuel  In  1973  was 
approximately  $.11  per  gallon  ($0,029  per  liter).  The  cost  of  fuel  in  1980  Is  $1.17 
per  gallon  ($0.31  per  liter). 
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Figure  5  -  Turbine  Engine  Fuel  Cost 


AIR  FORCE/INDUSTRY  TURBINE  ENGINE  LCC  MODEL 


The  key  to  LCC  assessment  is  a  standard,  usable  methodology.  A  methodology  for 
use  in  turbine  engine  LCC  assessment  was  developed  by  the  Joint  Air  Force/Industry 
Working  Group  in  July  1975-April  1976.  The  methodology  defines  and  organizes  all 
engine  chargeable  costs.  It  can  discriminate  between  engine  designs,  and  can  be 
tailored  to  the  specific  information  known  about  the  engines. 

The  methodology  developed  by  the  Joint  Air  Force/Industry  Working  Group  includes 
equations,  definitions,  and  ground  rules  (R^f.  5).  The  engine  LCC  model  has  twenty- 
four  detailed  equations  (see  Taole  1).  Most  of  those  equations  are  used  in  more  than 
one  phase  of  LCC.  The  X's  on  Table  1  denote  use  of  an  equation  in  a  particular  LCC 
phase.  Twenty-three  equations  are  used  to  calculate  RDT&E  costs,  fourteen  equations  t. 
calculate  Acquisition  costs,  and  sixteen  equations  to  calculate  0&3  costs.  Each  of  th 
equations  has  several  input  terms.  Each  terra  is  completely  defined.  Definitions  are 
also  provided  for  all  output  terms  to  provide  clarity  in  using  the  model.  General 
instructions  and  guidelines  for  model  use  are  as  follows:  (1)  The  model  was  developed 
to  be  used  primarily  in  source  selections  as  opposed  to  other  applications  such  as 
implementing  warranties.  (2)  The  model's  primary  value  is  not  for  absolute  engine  LCC 
but  comparative  LCC  of  alternate  engine  designs.  (3)  The  model  was  designed  to  break 
down  the  engine  to  the  part  level.  However,  the  capability  of  going  to  the  part  level 
should  be  U3ed  only  as  required.  (A)  Of  the  twenty-four  equations  in  the  engine  LCC 
model,  only  the  appropriate  equations  for  a  given  application  should  be  used.  (9) 
Costs  are  shown  In  government  fiscal  years  and  will  Include  General  and  Administrative 
(G&A)  Cost,  but  will  exclude  profit  and  fee. 

HELLOED  CULT  TURBINE  ENGINE  CONCEPTS  PROGRAM 

There  are  major  efforts  underway  to  adapt  the  methodology  described  in  the  pre¬ 
vious  section  for  LCC  analysis  during  advanced  technology  programs.  In  June  1977,  the 
Reduced  Cost  Turbine  Engine  Concepts  program  was  initiated.  The  objectives  of  tills 
effort  are  to:  (1)  assess  reduced  cost  turbine  engine  concepts  prior  to  engineering 
development  In  terms  of  their  Impact  on  engine  RDT&E  cost,  engine  Acquisition  cost, 
engine  C&3  cost,  and  system  LCC;  (?)  select  an  engine  component  concept  which  offers 
significant  cost  reduction  based  on  this  assessment;  (3)  design,  fabricate,  and  test 
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TABLE  1 

AIR  FORCE/ INPL'STRY  TURBINE  ENGINE  LCC  MODEL 


COST  ELEMENT 

R_ 

A 

_s 

1. 

Conceptual  Study, 

Cycle  and  Configuration 

X 

2. 

Mock-Up 

X 

3. 

Detail  Design 

X 

X 

4. 

Tooling 

X 

X 

5. 

Engine  Manufacturing 

X 

X 

X 

6. 

Spare  Sections 

Assemblies  and  Parts 

X 

X 

7. 

Peculiar  Support  Equipment 

X 

X 

X 

8. 

Common  Support  Equipment 

X 

X 

9. 

Special  Test  Equipment 

X 

X 

X 

10. 

Packaging  and  Shipping 

X 

X 

X 

11. 

Facilities 

X 

X 

12. 

Contractor  Test 

X 

X 

13. 

Government  Testing 

X 

X 

14. 

Training 

X 

X 

X 

COST  ELEMENT 

R_ 

A  S 

15. 

Contractor  Field  Support 

X 

X  x 

16. 

Data 

X 

X  X 

17. 

Initial  Inventory 
Management 

X 

X 

18. 

Recurring  Inventory 
Management 

X 

X 

19. 

Scheduled  Maintenance 

X 

X 

20. 

Unscheduled  Maintenance 

X 

X 

21. 

Recurring  Maintenance 
Management 

X 

X 

22. 

System  Engineering/ 
Project  Management 

X 

X  X 

23- 

Petroleum,  Oil 
and  Lubrication 

X 

X 

24. 

Production  Program 
Start-Up 

X 

R  - 

Research  Development  Test  i 

<  Evaluation 

A  -  Acquisition 
S  -  i'perali  -n  and  Support 


the  selected  component  concept;  and  (A)  reassess  the  component  concept  LCC  impact  tased 
upon  the  design,  fabrication  and  test  results.  This  effort  will  demonstrate  the  use  of 
LCC  as  a  major  design  parameter. 

Reduced  Cost  Turbine  Engine  Concepts  Approach 

The  Reduced  Cost  Turbine  Engine  Concepts  Program  Includes  the  develop  nei.t  of 
a  LCC  model  based  on  the  Air  Force/ Industry  Turbine  Engine  LCC  model  to  determine  engine 
RDT&K  cost,  engine  acquisition  cost ,  engine  OSS  cost  and  system  LCC  as  a  function  of 
turbine  engine  component  design  parameters.  These  component  design  parameters  incl-ie 
performance,  weight,  life  and  maintainability.  The  l.CC  mo.de  1  is.  then  used  to  dete  rmine 
the  LCC  of  some  advanced  technology  aircraft  system  for  use  as  a  baseline.  Trade 
studies  are  then  conducted  relative  to  this  baseline.  The  results,  of  t  he  trade  studi.-s 
are  used  to  select  a  component  concept  f  r  design,  fab  float  ton  and  test.  Ac  data  !u 
obtained  during  the  design,  fabrication,  and  test  t  ltas.es,  the  LCC  model  is  updat'd  and 
the  impact  on  LCC  determined. 

Reduced  Cost  'turbine  Engine  Concepts  LCC  M. de ; 

The  cost  elements  used  In  the  l.CC  model  to  define  turbine  engine  I.  won. 
obtained  flam  the  Air  Force/ 1  ndustry  Turbine  Engine  LCC  r:’.«  de  1  addressed  jreviousiy.  ii.-t 
all  ci  st  elements  given  on  Table  1  are  used  it.  the  developed  model .  Hie  equal  ions 
marked  with  an  "X"  on  Table  f  are  used  in  the  appropriate  LCC  phase.  Fr  r  exam; le, 
element  j  will  be  used  during  HI ’Tib  and  i  '4c .  K  juat  ions  were  so-looted  for  i.a-  n  • 
basis,  of  their  percent  centri  but  ion  to  eng  1  Tit-  LCC  in  the  most  likely  cases  .  ,.Xa::;- 

ple,  results,  indicate  that  Petroleum,  oil  and  Lubrication  ace-  ut.ts  f-  t-  aj  t  r.  .x !  ::.at  •  r 

of  engine  LOT,  Manufacturing  account.:;  for  ap|  r.  xlnaleiy  •  i  "  of  --ngim-  and  .  ch-  iV-  : 

and  lit, scheduled  Maintenance  accounts  for  i.  '  .  f  .-ngirc-  i.CC.  t  !;er  s‘  •  i-m-uv 

given  on  Table  .  account  for  the  remaining  f  engine  TV. 

Tic*  LCC  model  developed  by  this,  effort  ;sos  I  !  a  -  -unt  !  :.g  an:  :  arc.-  *  ri 
■  st  estimating  relatlonshlj  s .  Figure  r  gives-  exar-.p  l-.s  f  p  a  ram-  «  ric  -os*  •  '.mat  1  :.g 
relationships  and  accounting  cost  estimating  r-ylat  I  nshi|s.  A  iirart-tri  ■  s-  •  s  *  1 — 

ting  relationship  is.  an  empirical  equation  f  ..  oV-ra-nt  -  f  •  .  •  in  •  •  '  n  .Tgs 

p  ar.'im-'t  ers, .  An  accounting  c  st  est.  lir.at  ng  :•••  1  at  !  ns  i,  1  j  is  a  san.ma-'.  n  •'  .a:  s 

material  c-  sts  and  overhead  costs. 


Figure  "  is.  a  simp  lifted  schema:  1  •  I -V  n,  .lei  dev  - .  p  •  i 
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REDUCED  COST  TURBINE  ENGINE  CONCEPTS  LCC  MODEL 


COST  ELEMENT 

R_ 

A 

S 

COST  ELEMENT 

R  A  2 

1. 

Conceptual  Study, 

14. 

Training 

Cycle  and  Configuration 

15. 

Contractor  Field  Support 

>: 

2 

Mock-Up 

16. 

Data 

3. 

Detail  Design 

X 

X 

17. 

Initial  Inventory 

A. 

Tooling 

X 

X 

Management 

5. 

Engine  Manufacturing 

X 

X 

X 

18. 

Recurring  Inventory 

6. 

Spare  Sections 

X 

X 

Management 

Assemblies  and  Parts 

19. 

Scheduled  Maintenance 

X  X 

7. 

Peculiar  Support  Equipment 

20. 

Unscheduled  Maintenance 

X 

8. 

Common  Support  Equipment 

21. 

Recurring  Maintenance 

9. 

10. 

11. 

Special  Test  Equipment 

Packaging  and  Shipping 

Facilities 

X 

X 

•  >  o 

Management 

System  Engineering 
Project  Management 

Petroleum,  Oil 

X 

X  X 

23. 

12. 

Contractor  Test 

X 

and  Lubrication 

13- 

Government  Testing 

24. 

Production  Program 

Start-Up 

R  - 

Research  Development  Test 

t  Evaluation 

A  - 

Acquisition 

S  - 

Operation  and  Support 

PARAMETRIC  COST  ESTIMATING  RELATIONSHIP 
COST  *  I’  (THRUST,  WEIGHT,  ETC.) 

ACCOUNTING  COST  ESTIMATING  RELATIONSHIP 


COST 


I 

t  =  1 


(LABOR  RATE  )  x  (MAN-HOURS,)  +  (MATERIAL  WEIGHT^)  x 


(MATERIAL  PRICE  PER  POUND  ) 


n  =  TOTAL  NUMBER  OK  PARTS 


Figure  o  -  Parametric  Versus  Accounting 
Cost  Estimating  Relationship 


thi.'e  of  the  engine  1 1  f  e  cycle.  The  discrete  model  has  the  advantage  of  using  loss 
computer  processing  time  and  storage.  Hot!,  models  account  for  scheduled  maintenance  as 
a  function  of  engine  operating  hours,  flights  or  periods,  and  employ  learning,  curves, 
fir  rejulred  maintenance  actions.  Both  models  account  for  unscheduled  maintenance  ty 
empi  lying  failure  distributions  for  Individual  engine  components  and  learning  curves 
for  resultant  maintenance  actions.  Fuel  Is  determined  as  a  function  of  usage  and 
engine  fuel  flow.  All  phases  of  airframe  LCC  are  determined  using  parametric  cost 
estimating  relationships.  These  cost,  estimating  rolat  lonnhlps  define  airframe  Kl-T&K, 
Acquisition,  and  V.’  costs  In  terms  of  engine  and  airframe  Interface  naran.el  ers . 

Reduced  Tost  .  '.irblne  Engine  Concepts  Method"  logy 

All  L  V  trade'  studies,  are  conducted  relative  to  the  baseilhe  system  v. 
During  those  stu  lies.,  ‘lie  f  o  1 1  ow  I  np  parameters  Initially  are  constant  :  mission,  life¬ 
time,  flee*,  huliiuj  and  peacetime  usage  rates.  The  baseline  engine  and  airframe  will 
1"  scaled  In  s  I  sc-  ;  meet  fixed  mis. -.ion  re  pul  foments ,  and  th-  cost  la.;  act  t  hon  deter¬ 
mined.  11. >•  trad'  stall's  will  te  conducted  applying  Inflation  and  1 1 .  c  cunt  '.  in' ,  or  '.in¬ 
stant  year  dollars.. 
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Figure  7  -  Reduced  Cost  Turbine  Engine  Concepts 
Life  Cycle  Cost  Mode] 


Figure  8  shows  that  a  change  In  baseline  engine  component  performance  requires 
the  use  of  an  engine  performance  model,  an  aircraft  sizing/mission  analysis  model  and 
the  LCC  model.  A  change  in  baseline  engine  component  weight  requires  a  reassessment  of 
baseline  engine  weight,  resizing  of  the  baseline  aircraft,  and  the  use  of  the  LCC  model 
to  determine  the  LCC  impact.  Changes  in  baseline  engine  component  life,  maintainability, 
and  acquisition  cost  require  only  the  use  of  the  LCC  mode]. 
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Figure  8  -  Reduced  ''os t  Turbine  Engine  'die-pts 
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Reduced  Cost  Turbine  Engine  Concepts  -  Results 


To  date,  several  trade  studies  have  been  completed  during  the  Reduced  Cost 
Turbine  Engine  Concepts  Program.  This  section  of  the  report  will  address  some  of  those 
trade  studies. 

One  example  is  the  use  of  powder  metal  to  manufacture,  to  near  net  share, 
several  components  in  the  high  spool  of  an  advanced  technology  engine.  This  process 
results  in  decreased  forging  operations  and  improved  material  utilization.  A  reduction 
In  engine  manufacturing  cost  Is  realized  as  shown  on  Table  3.  Note  that  baseline  engine- 
performance,  weight,  reliability,  life  and  maintainability  are  not  affected  and  no 
scaling  of  the  baseline  engine  or  aircraft  is  required  to  determine  the  LCC  payoff. 

TABLE  3 

POWDER  METAL  HIGH  PRESSURE  SPOOL  LIFE  CYCLE  COST  IMPACT  IN  1978  DOLLARS 


OPERATIONAL  LIFE  =  20  YR 
ENG  I NES/AiRCRAFT  =  2 


ENGINE  PERFORMANCE 
ENGINE  WEIGHT 

engine  reliability/life 
engine  maintainability 

ENGINE  MANUFACTURING  COST 

OUT! UT 

ENGINE  KDT&K  COST 
ENGINE  ACQUISITION  COST 
ENGINE  O&S  COST 
TOTAL  WEAPON  SYSTEM  LCC 


OPERATIONAL  AIRCRAFT  =  334 
UTILIZATION  =  300  HRS/YR/AIRCRAF1 
BASELINE  SIZE 
NO  IMPACT 
NO  IMPACT _ 

NO  IMPACT 
NO  IMPACT 

-$17  ,4Cl . 00( 250th  unit) 

-$  1,654,295.00 
-$35,759,279.00 
-$141,970,450.00 
-$79,284, 024. 00 


A  second  study,  using  the  same  baseline  engine  and  aircraft  ar  in  the  first 
study,  was  conducted  to  determine  the  LCC  impact  of  powder  metal  versus  a  eutectic 
composition  high  pressure  turbine  blade.  The  study  was  conducted  assuming  no  engine 
performance,  weight  or  maintainability  impact.  It  was  only  necessary  to  determine  tic 
life,  and  manufacturing  cost  impact  of  the  various  blades.  The  eutectic  blade  was  foe 
to  have  an  increase  of  4  times  the  life  of  the  baseline  blade,  and  ar.  increase  of  1 . ;  O 
times  the  cost.  The  powder  metal  blade  had  an  increase  of  2.5  times  the  life  of  the 
baseline  blade  material  and  an  increase  of  1.3  times  the  cost.  The  results  of  the 
studies  are  shown  on  Tables  4  and  -j. 


UTKO'IIC  HIGH  i  KEG  CURE  TURBINE  BLADE  LIKE  CYCLE  C.C'T  IMI  ACT  IN  1  ;Vb 


OPERATIONAL  LIFE  =  _"J  YR 
iNE. '/aircraft  »  . 


i  1  : NK  i  REF  RMANOK 
I  i  1  NK  WK ! 1 1 HT 


OPERATIONAL  A  Is  ■raft  * 
UTILIZATION  =  ■  .■•R.VYK-'AIF 


KN  1 1  HE  RELIABILITY. 'LIFE 
KN  1 1 NK  MAINTAINABILITY 


KN  : ;  NK  MAN'  FA  '  f'  F  I  NO  -  ’0.7 


i  i  i  A . .  ti  t  '.  t  . 


♦  $  '  , 


I  Oi  ’  OT 


TABLE  5 


POWDER  METAL  HIGH  PRESSURE  TURBINE  BLADE  LIKE  CYCLE  COST  IMPACT  IN  1978  DOLLAR." 


INPUT 

OPERATIONAL  LIFE  =  20  YR 
ENGINES/AIRCRAFT  =  2 

ENGINE  PERFORMANCE 
ENGINE  WEIGHT 
ENGINE  RELIABILITY/LIFE 
ENGINE  MAINTAINABILITY 
ENGINE  MANUFACTURING  COST 

OUTPUT 

ENGINE  RDT&E  COST 
ENGINE  ACQUISITION  COST 
ENGINE  O&S  COST 
TOTAL  WEAfON  SYSTEM  LCC 


0IERAT10NAL  AIRCRAFT  =  33^ 
UTILIZATION  =  300  HRG/YR/A I RCRAFT 

BASELINE  SIZE 
NO  IMPACT 
NO  IMPACT 
2. 5X 

NO  IMPACT 
1.3X 


+  $1,527,091.00 
+  $25, 529, 920. 00 
-$198,329,765.00 
-$121,277,809.00 


A  third  study  considers  a  transpiration  cooling  material  which  is  a  laminated, 
photoetched,  diffusion  bonded  structure.  This  material  has  three  laminated  sheets.  Be¬ 
cause  of  the  alignment  of  adjacent  sheets,  the  air  must  travel  around  the  etched  pins 
in  each  sheet.  This  material  has  a  higher  heat  transfer  effectiveness  than  conventional 
film  cooling,  and  when  compared  to  other  transpiration  materials  It  has  improved 
structural  Integrity,  oxidation  resistance,  and  tolerance  to  clogging. 

This  transpiration  cooled  material  is  used  in  the  construction  of  combustion 
liners.  Table  6  shows  that  this  material  will  result  in  a  decrease  in  baseline  engine 
cooling  flow,  a  reduction  in  baseline  engine  weight,  an  increase  in  baseline  engine- 
life,  and  a  lower  baseline  engine  manufacturing  cost.  The  LCC  problem  becomes  somewha* 
more  Involved  than  the  previous  examples.  The  reduction  in  engine  cooling  flow  arid 
weight  necessitates  engine  and  system  scaling,  to  identify  the  full  LCC  payoff  of  the 
combustor.  Table  6  gives  the  results  for  the  engine  and  airframe  which  are  scaled  fi-tm 
the  baseline. 


TABLE  6 

TRANSPIRATION  COOLED  COMBUSTOR  LIFE  CYCLE  COST  IMPACT  IN  1978  DOLLARS 


INPUT 

OPERATIONAL  LIFE  =  10  YR 

OPERATIONAL,  AIRCRAFT  =  750 

ENGINES/AIRCRAFT  =  2 

UTILIZATION  =  300 

HRS./ YR/ A I  RCRAFT 

BASELINE  SIZE 

SCALED  SIZE 

ENGINE 

PERFORMANCE 

-27%  COOLING  FLOW 

- 3 %  ATRFLOW 

ENGINE 

WEIGHT 

-17.87  LB. (-8. lOGKg) 

-87.8  LB.  (-39. 8.  t  KpJ 

ENGINE 

RELIABILITY/LIFE 

3X  LIFE 

3X  LIFE 

ENGINE 

MAINTAINABILITY 

NEGLIGIBLE 

NEGLIGIBLE 

ENGINE 

MANUFACTURING  COST 

-  $<1,385.00  (AVG. 

OF  FIRST  2000  UNITS) 

-  $30,856.00  (AVG. 

OF  FIRST  2000  UNITS) 

OUTPUT 

ENGINE 

RDT&E  COST 

-  $<1,1110,000.0(1 

ENGINE 

ACQUISITION  COST 

-  $60,100,000.00 

ENGINE 

O&S  COST 

-  $39,180,000.00 

TOTAL  WEAPON  SYSTEM  LCC 

-$■  35  3,'  1  3,000.00 

A  fourth  study  determines  the  cost  Impact  of  a  low  aspect  ratio  fan  of  ad¬ 
vanced  aerodynamics.  Tabli  7  indicates  that  this  low  aspect  rath  fan  results  In  at 
increase  in  baseline  engine  performance,  an  Increase  In  LaseUne  engine  wight  ,  an 
increase  In  baseline  engine  mean  time  between  failure  (MTH- )  ,  and  a  Lwr  l  a:  -  ilia 
engine  manufacturing,  cost.  Note  that  with  the  exception  of  t  la-  Inrreas-  in  l  as«-l  lne 
engine  weight,  all  baseline  engine  changes  should  result  It.  a  !■  -crease  it.  7a!  1  >• 

gives  the  LCC  Impact  for  the  engine  which  Is  scaled. 


L 
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TABLE  7 

LOW-ASPECT-RATIO  FAN  LIFE  CYCLE  COST  IMPACT  IN  1978  DOLLARS 

INPUT 

OPERATIONAL  LIFE  =  20  YR  OPERATIONAL  AIRCRAFT  =  700 

ENGINES/ AIRCRAFT  =  2  UTILIZATION  =  1116  IIRS/YR/ AIRCRAFT 

BASELINE  SIZE  SCALED  SIZE 

ENGINE  PERFORMANCE  +  4?  THRUST  -Hi  AIRFLOW 

-3?  SPECIFIC  FUEL 
CONSUMPTION  (SFC ) 


ENGINE  WEIGHT 
ENGINE  RELIABILITY/LIFE 
ENGINE  MAINTAINABILITY 
ENGINE  MANUFACTURING  COST 

OUTPUT 

ENGINE  RDT&E  COST 
ENGINE  ACQUISITION  COST 
ENGINE  O&S  COST 
TOTAL  WEAPON  SYSTEM  LCC 


+10  LB. (  +  4 . 536Kg) 
+30?  MTBF 
NO  IMPACT 

-$9,298.00  (AVG. 

OF  FIRST  1400  UNITS) 


-14.5  LB.{-6.577Kg) 
+30?  MTBF 
NO  IMPACT 

-$11,385.00  (AVG. 

OF  FIRST  1400  UNITS) 

NO  IMPACT 
-$17,078,000.00 
-$38,936,000.00 
-$89,378,000.00 


A  fifth  study  considers  the  use  of  a  low  aspect  ratio  turbine  in  an  advanced 
technology  turbine  engine.  Table  8  Indicates  that  the  low  aspect  ratio  turbine  will 
result  In  an  increase  in  baseline  engine  performance,  an  increase  in  baseline  engine 
weight,  a  decrease  in  baseline  engine  reliability,  a  decrease  in  baseline  engine  main¬ 
tainability  (Time  Between  Overhaul,  TBO)  and  an  increase  in  baseline  engine  cost.  Note 
that  all  of  the  baseline  engine  changes  with  the  exception  of  SFC  and  thrust  result  In 
an  Increase  in  baseline  engine  and  aircraft  LCC.  Scaling  of  the  engine  and  airframe  is 
required  to  realize  the  LCC  payoff  of  the  low  aspect  ratio  turbine.  Table  8  gives  the 
results . 


TABLE  8 

LOW- ASPECT- RATIO  BLADING  FOR  HIGH  PRESSURE  TURBINE 
LIFE  CYCLE  COST  IMPACT  IN  1978  DOLLARS 


INPUT 

OPERATIONAL  LIFE  =  19  YR 
ENGINES/AIRCRAFT  =  2 

ENGINE  PERFORMANCE 

ENGINE  WEIGHT 
ENG  I  ME  REL  l  ABI  I.ITY/L  I FE 
ENGINE  MAINTAINABILITY 
ENGINE  MANUFACTURING  NIST 

OUTPUT 

ENGINE  RDT&E  COST 

fn; ink  acquisition  cost 
ENGINE  o&S  COST 
TOTAL  WEAL'Il  SYSTEM  LOU 


OPERATIONAL  AIRCRAFT  =  400 
UTILIZATION  =  300  HRS/YR/A I RORAFT 


BASELINE  SIZE 
+6.41?  Thrust 
-1.33*  SFC 
+  7.8  LB. (+  3.5  38Kg) 
-10?  MTBF 
-10?  TBO 

+$2000.00  (AVG.  OF 
FIRST  50  UNITS) 


SCALED  SIZE 
-10.6?  AIRFLOW 

-99  LB. (-44 .9U6Kg) 
-10?  MTBF 
-10?  TBO 

-42,000.00  (AVG.  OK 
FIRST  50  UNITS) 

-  $6,080,806.00 

-  $36,161,188.00 

-  $76,37  3,66.  .00 

-$172,100,000.00 


COST  REDUCTION  POTENTIAL  -  EXISTING  ENGINE 

The  life  cycle  cost  of  existing  engines  can  also  be  reduced  with  the  application 
of  advanced  technology  to  these  engines.  A  study  Is  being  conducted  to  Identify  and 
demonstrate  the  potential  of  ut  grading  the  T5b  engine  In  the  (’]  io  aircraft  .  The  T66 
engine  would  be  upgraded  to  at.  Improved  configuration.  The  Improved  engine  has  a  it 
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increase  in  compressor  efficiency,  a  1.7%  Increase  in  turbine  efficiency  and  a  11  in¬ 
crease  in  turbine  inlet  temperature.  The  mission  fuel  savings  range  from  6.71  to  10.7% 
for  this  Improved  T56  engine. 


The  LCC  model  previously  discussed  was  used  to  identify  the  LCC  savings.  The 
ground  rules  for  this  study  are  shown  in  Table  9. 


TABLE  9 

T56  ENGINE  LIFE  CYCLE  COST  STUDY  GROUNDRULES 


BASE  YEAR  FOR  STUDY 

NUMBER  OF  AIRCRAFT  RE-ENGINED 

NUMBER  OF  ENGINES  CONVERTED  TO  THE  IMPROVED 
CONFIGURATION 

23-YEAR  LIFE  CYCLE 
RDT&E 

FLEET  BUILDUP 
STEADY-STATE  OPERATION 
AIRCRAFT  UTILIZATION  RATE 


1978 

582 

2677 

1982-1985 
1985-1990 
1990-2005 
52  HRS/MONTH 


The  payback  time  periods  for  the  improved  T56  engine  are  shown  in  Figure  o,  as  a 
function  of  fuel  cost.  This  study  has  shown  the  large  effect  of  cost  of  fuel  on  the 
potential  cost  savings. 


Figure  9  -  Improved  T56  Engine  Cost  Savings 


i 


ADVANCED  TECHNOLOGY  COST  REDUCTION  POTENTIAL 

Future  technologies  can  reduce  the  LCC  of  advanced  engines.  Several  technologies 
that  offer  LCC  reduction  potential,  in  addition  to  those  previously  discussed,  were 
Investigated.  The  following  advanced  technologies  shown  In  Table  lh  offer  the  greatest 
payoff  In  the  LCC  reduction  of  advanced  engines.  The  cost  savings  were  adjusted  to 
apply  to  a  2-englne  tactical  aircraft.  The  savings  are  shown  In  terms  of  engine  cost 
reduction  percentage.  With  careful  attention  to  LCC,  the  next  generation  engines  c.'uil 
achieve  this,  level  of  LCC  reduction  by  incorporating  similar  advanced  t  eehnol  ngl  es. . 


TABLE  10 


ADVANCED  TECHNOLOGY  COST  REDUCTION  POTENTIAL 


RDT&E 

ACQ 

0&S 

LCC 

POWDER  METAL  HIGH  PRESSURE  SPOOL 

-1.2% 

3.09* 

-0.62* 

-1.84* 

EUTECTIC  COMPOSITION  HIGH  PRESSURE 
TURBINE  (HPT)  BLADES 

_ 

+1.09* 

-9-31* 

-4.35* 

TRANSPIRATION  COOLED  COMBUSTOR 

- 1.22 % 

-2.  A* 

V* 

O 

CM 

1 

-2.1* 

TRANSPIRATION  COOLED  HPT  STATOR 

- 

-0.8* 

-1.5* 

-1.0* 

LOW  ASPECT  RATIO  COMPRESSOR 

- 

-5.5* 

-2.3* 

-2.1% 

LOW  ASPECT  RATIO  FAN  -  2-STAGE 

- 

-5.5* 

-2.3* 

-2.7* 

ADVANCED  LOW  PRESSURE  TURBINE 

- 

-3.0* 

-4.0* 

O 

1 

CONCLUSIONS 

Figure  1G  was  shown  previously,  with  one  addition.  The  estimated  cost  of  an 
advanced  tactical  engine  is  shown  by  the  crosshatched  area  to  the  right  of  the  figure. 
With  a  conscious  effort  to  apply  advanced  technology  in  the  most  cost  effective  manner, 
the  estimated  cost  of  an  advanced  engine,  as  shown  in  Figure  10,  is  a  realistic  goal. 
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Figure  10  -  Inventory  Versus  Advanced  Turbine 
Engine  Product  Ion  Cost  Trend 


The  turbine  engine  Is  a  major  contributor  to  weapon  system  I, (1C.  The  consideration 
of  Its  contribution  early  in  the  design  phase  will  result  In  a  substantial  LCC  savings. 
When  determining  the  LCC  Impact  of  an  advanced  technology  engine  component  ,  the  follow¬ 
ing  should  be  considered:  ^  1)  weapon  system  not  Just  engine  I.  ':,',  (,>)  engine 

component  Interaction,  (3)  duty  cycle,  (4)  fuel  cost  and  usage,  and  ( ‘> )  engine  compo¬ 
nent  maintenance  and  life  prediction.  The  accurate  determination  d'  all  of  U, 
parameters  Is  essential  to  the  prediction  of  the  ids,'  payoff  of  advanced  technology 
turbine  engine  components.  The  need  and  the  challenge  are  clear. 


L 
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SUMMARY 


Hydromechanical  fuel  control  systems  are  complex  mechanisms  the  manufacture  of  which  is 
highly  labour  intensive.  It  is  our  experience  that  by  applying  well  tried  principles  a 
value  engineering  team  can  identify  considerable  potential  savings,  particularly  in  the 
case  of  new  designs.  While  lower  life  cycle  costs  are  frequently  only  achieved  al  the 
expense  of  increased  first  cost  this  is  not  invariably  so. 

The  value  engineering  exercise  itself  should  be  as  cost  effective  os  possible,  therefore 
a  small,  closely  monitored,  project  dedicated  team  is  favoured. 

It  is  important  that  he  designer  should  have  taken  account  of  the  basic  principles  ol 
value  engineering  when  arriving  at  his  original  design. 


INTRODUCTION 


The  scope  of  the  paper  is  based  upon  the  Company's  activity  in  design  and  manufacture  ol 
fuel  control  systems  for  aircraft  gas  turbine  engines.  it  is  concerned  largely  with  the 
hydromechanical  port  of  the  system  as  this  is  the  area  which  has  offered  the  greatest 
reward  from  attention  to  value  engineering  methods. 


REQUIREMENTS  AND  CONFIGURATION  OF  A  FUEL  CONTROL  .SYSTEM 


The  fuel  control  system  for  a  gas  turbine  engine  consists  of  a  number  ol  elements  which 
can  be  either  all  hydromechanical  or  part  hydromechanical  and  part  electronic. 

The  various  configurations  are  shown  in  the  block  diagram,  Fig  1. 
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The  basic  elements  which,  because  of  their  need  to  handle  the  fuel  directly,  must  always 
be  hydromechanical  consist  of  : 

1  A  Pump  to  provide  the  required  volume  of  fuel  at  a  pressure  sufficient  to 
ensure  satisfactory  combustion  and  control. 

2  A  Spill  Valve  if  the  pump  is  not  of  the  variable  output  type, 

3  A  Metering  Valve  to  vary  the  flow  of  fuel  in  accordance  with  the  requirements 
of  the  engine  under  varying  operating  conditions  and  in  response  to  the  pilot's 
demands . 

h  A  Shut-Off  Valve  to  enable  the  fuel  supply  to  be  cut  off  in  order  to  shut  down 

the  engine. 

5  A  Distribution  System  to  balance  the  fuel  fed  into  the  several  points  of  entry 

of  the  Combustion  System. 

Each  of  these  may  be  more  or  less  complicated  according  to  the  particular  application. 
Thus  the  total  pumping  package  may  include  a  backing  pump,  main  pump,  relief  valve,  an 
integral  filter,  possibly  a  speed  probe  and  also  an  alternator  to  power  the  control 
e 1 ec  t  ronics. 

In  addition  to  the  basic  elements  through  which  the  fuel  flows  from  the  tanks  to  the 
combustion  system,  appropriate  means  must  be  provided  for  computing  the  actual  require- 
-ments  of  the  engine  under  any  operating  conditions  whilst  still  taking  account  of  the 
demands  made  by  the  pilot.  Typically  such  computing  controls  will  act  upon  or  in 
association  with  the  metering  valve.  They  may  be  either  completely  hydromechanical, 
hydromechanical  with  a  supervisory  electronic  trim,  a  single  lane  electronic  control 
with  the  facility  to  revert  to  a  simple  hydromechanical  control  in  the  event  of  failure 
or  they  may  be  in  the  form  of  a  twin  lane  electronic  control. 

Where  electronic  controls  are  incorporated  they  will  operate  the  hydromechanical  part  of 
the  system  through  a  variety  of  electromechanical  interfaces  and  they  may  be  analogue 
or,  as  in  more  recent  systems,  digital  in  principle. 

hy  providing  reliable  and  accurate  control  of  the  engine  without  attention  over  long 
periods  of  operation  the  fuel  system  can  make  a  major  contribution  to  optimising  the 
I i f e  cycle  costs  of  the  aircraft. 

RKIATIVK  COST  OK  HIE  POLL  CONTROL  SYSTEM 

In  terms  of  first  cost  the  fuel  control  system  may  be  put  into  perspective  by  comparing 
its  cost  with  that  <»f  the  engine. 

In  general  the  cost  of  the  fuel  system  is  a  smaller  proportion  of  total  engine  cost,  for 
larger  engines,  but  increases  with  increasing  engine  complexity.  Thus  the  cost  of  the 
control  will  vary  from  about  r>  to  10  per  cent  <>  f  the  total  cost  of  the  engine  according 
to  si/e  and  application.  As  this  represents  probably  less  than  3°°  of  the  total  cost  of 
the  a  i  remit  it  will  be  evident  that  improvements  in  the  reliability  and  durability  of 
the  control  will  probably  offer  greater  potential  for  reducing  t  he  life  cycle  costs  of 
the  total  aircraft  than  a  reduction  in  its  first  cost  will  have  on  the  acquisition  cost 
o  1  t  he  a i rc  rn  ft  . 

typical  values  for  relative  cost  according  to  application  are  given  i  ri  TAIILL  1. 
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FACTORS  CONTRIBUTING  TO  THE  COST  OF  FUEL  CONTROLS 

AH  components  which  contribute  to  the  efficient,  safe  and  reliable  operation  of  an 
aircraft  tend  to  be  inherently  expensive.  It  is  of  interest  to  consider  here  those 
particular  factors  which  are  important  in  contributing  to  the  cost  of  hydromechanical 
fuel  controls.  These  are  : 

1  Complexity  : 

The  mechanisms  contain  a  large  number  of  small  intricately  shaped  and  densely 
packed  parts. 

2  Small  Quantities  : 

Decause  orders  for  any  given  system  rarely  exceed  more  than  50  per  month, 
parts  are  usually  made  by  small  batch  production  techniques  which  frequently 
prevents  the  economical  development  of  more  cost  effective  methods.  However, 

NC  machining  methods  can  be  particularly  worthwhile  for  this  type  of  production 
and  are  widely  practised. 

3  Little  Commonality  : 

In  general  the  control  system  for  each  application  is  different  whether  for 
civil,  industrial,  helicopter  or  military  with  little  commonality  of  hardware. 

h  Few  repetitive  parts  : 

Unlike,  say,  the  core  of  an  engine  which  contains  many  complex  but  identical 
blades,  all  parts  tend  to  be  different  so  rarely  justify  the  use  of  large 
scale  manufacturing  methods. 

5  Close  Tolerances,  Fits  and  Surface  Finishes  : 

These  are  necessary  both  to  meet  close  unit  specification  limits  and  because 
of  the  need  to  operate  efficiently  immersed  in  fuel. 

6  Hostile  Operating  Medium  : 

The  fuel  in  which  the  various  operating  mechanisms  are  required  to  function 
has,  at  best,  very  poor  lubricating  properties.  It  is  also  frequently  hot 
and  sometimes  contaminated.  This  demands  the  development  and  use  of  advanced 
materials  and  processes,  particularly  for  bearings,  seals  and  other  elastomeric 
items . 

7  Restricted  Space  : 

Decause  of  the  need  to  contain  the  fuel  system  in  the  small  space  between  the 
cylindrical  engine  and  the  also  generally  cylindrical  outer  casing,  the  volume 
offered  by  the  engine  maker  to  the  fuel  system  designer  is  frequently  both 
small  and  of  less  than  optimum  shape. 

At  the  outset  the  following  generally  applicable  principles  which  would  lead  to  (he  most 
cost  effective  system  can  be  accepted  : 

for  low  first  cost  : 

Simple  system 
Few  components 

Widest  use  of  standard  parts 

Cost  effective  manufacturing  techniques 

PIUS 

for  low  life  cycle  cost 
High  reliability 
Good  maintainability 
Long  1  i  fe 
Low  cost  spares 
Adequate  performance 

FACTORS  AFFFCT1 NG  PRICE 


Before  proceeding  further  with  detailed  discussion  of  fuel  systems  it  is  worthwhile 
examining  the  factors  which  can  affect  the  price  of  such  a  product  and  the  relative 
contribution  which  can  be  made  to  each  factor  by  the  supplier  and  customer  acting 
together  ns  a  team. 

Five  principal  factors  are  shown  d l agramma t  i c a  1 1 y  in  Fig  2,  with  an  indication  of  f he 
level  of  responsibility  which  can  he  attributed  to  the  customer  and  supplier  in  ea<  li 
case.  Although  they  are  considered  separately  hei e  it  must  he  appreciated  that  t hev 
will  all  interact  to  affect  the  price  : 


I'J(i  -  IIASJC  K  AC  TOMS  AFFECT]  N(.»  PMJCK 


Technical  Specification  : 

While  this  is  clearly  principally  t  he  responsibility  of  i he  customer,  the  supplier 
should  be  expected  and,  indeed,  encouraged  to  play  his  part  by  drawing  attention  to  those 
areas  of  the  specification  which  because  they  are  unduly  demanding  or  restrictive,  are 
likely  to  contribute  adversely  to  his  costs. 

basic  Costs  : 

Derived  from  direct  labour  hours,  wage  rates,  material  prices,  etc,  these  are  largely 
controlled  by  the  supplier  but  they  can  be  adversely  affected  by  the  customer  if  he 
requires  operations  to  be  performed  which  are  not  entirely  necessary  to  satisfy  the 
technical  specification.  Typical  examples,  would  be  operations  which  merely  improve 
the  appearance  of  a  part,  the  adoption  of  costly  fastener  standards  and  uneconomical 
weight  saving  practices. 

Overheads  : 

Although  the  supplier  is  the  primary  controller  of  this  factor  the  customer  can  add  to 
the  suppJjer's  overheads  by  demanding  unnecessarily  restrictive  quality  control 
procedures  or  other  operating  systems. 

Commercial  Policy  : 

Hoth  parties  have  an  equal  respons i b i I i t y  here  for  such  aspects  as  buying  policy, 
pricing,  cost  estimating,  contract  conditions,  warranties,  etc. 

Value  Engineering  : 

This  is  entirely  the  responsibility  of  the  supplier  but  through  its  i nt erac t i on  with  the 
other  factors,  particularly  the  technical  spec i f i c a t i on ,  the  customer  will  become 
involved  indirectly. 

BASIC  COMPONENTS  Oh  COS  1  AM)  I  UK  I M  EFFECT 

The  cost  structure  of  a  typical  hydromcv  han  i  c  a  1  fuel  control  is  shown  diagranunat  itallv 
in  Fig  3*  It  will  be  seen  that  as  much  as  ‘)0%  of  the  cost  of  the  system  is  account  nil 
for  by  labour  which  is  charged  at  the  full  production  rate  including  overheads,  with 
labour  for  machining  anil  assoc iat  rd  operations  taking  by  far  the  largest  share. 

This  distribut  ion  is  quite  unlike  that  for  the  engine  which  can  have  a  purchased  content 
as  high  as  hOab.  It  alflo  di  Tiers  markedly  from  that  of  electronic  parts  of  the  system 
for  which  the  purchased  items  are  of  the  order  of  5()°»  of  the  total  tost  .  Thus  anv 
meaningful  economies  in  a  chosen  hydromec han i ca 1  control  must  tome  largely  through  <md 
own  efforts  within  our  own  or gan i «a t i on . 
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B  0  BOUGHT  OUT 


FIG  3  -  COST  STRUCTURE  OK  A  TYPICAL  HYDROMEC11ANICAL  FUEL  SYSTEM 

The  most  effective  way  of  optimising  the  first  cost  of  the  selected  system  therefore,  is 
to  minimise  the  amount  of  labour  required  for  the  con  version  of  materials.  Test 
schedules  must  also  be  examined  closely  in  relation  to  the  technical  specification  to 
ensure  that  no  unnecessary  tests  or  procedures  are  adding  to  the  labour  content. 

Since  only  a  very  small  part  of  the  total  cost  (5?%  in  the  example  shown)  is  spent  on 
raw  materials  little  is  to  be  gained  from  a  reduction  in  material  costs  alone.  However, 
there  are  two  important  ways  in  which  an  effective  contribution  to  minimising  costs  can 
be  derived  from  materials  : 

1  By  selecting  those  materials  which  have  the  best  manufacturing  characteristics, 
typically  ease  of  machining.  For  instance,  the  replacement  of  a  very  difficult 
to  machine  soft  magnetic  iron  in  a  solenoid  by  a  free  machining  stainless  iron 
with  acceptable  magnetic  properties  and  which  also  has  the  addc'd  virtue  of  not 
requiring  to  be  protected  from  corrosion  by  electroplating. 

2  By  presenting  the  material  in  a  form  which  requires  fewer  machining  operations 
or  simply  less  metal  removal.  Examples  are  the  use  of  a  close  to  form  forging 
or  casting  instead  of  wrought  bar  or  a  precision  investment  casting  instead  of 
a  sand  or  gravity  die  casting.  Powder  metallurgy  can  appear  attractive  fur- 
some  parts  but  its  application  is  generally  limited  by  the  small  numbers  which 
are  needed  for  the  expected  total  run  of  the  product. 

In  adopting  the  first  of  these  methods,  any  small  premium  which  might  have  to  be  paid 
for  improved  raw  material  will  almost  certainly  be  heavily  outweighed  by  reduced 
manufacturing  costs. 

Method  2  will  almost  invariably  result  in  an  actual  increase  in  material  cost  which, 
to  be  worthwhile,  must  be  more  than  balanced  by  the  savings  obtained  from  reduced 
machining.  Since  allowance  must  also  be  made  for  amortisation  of  the  additional  cost 
of  any  patterns  or  special  tooling  which  might  be  needed,  the  use  of  special  forms  of 
material  becomes  more  attractive  the  greater  the  total  production  quantity  is  to  be. 

This  clearly  demands  knowledge  of  accurate  sales  forecasts. 

The  effectiveness  of  a  change  of  material  form  compared  to  simply  reducing  the  cost  of 
material  is  illustrated  in  Table  2.  In  this  notional  example  a  *>(>%  reduction  in 
material  cost  alone  is  shown  to  be  less  advantageous  than  a  i nc lease  in  material 

cost  which  permits  a  10S  decrease  in  machining  costs. 


Basic  Cost  50 °o  Reduction  in  5 0°®  Jncrcasr  1  u 

material  cost  alone  niaterjal  cost 

plus  lCo  He due  t  ion 
in  la  hour  cost  I  <>i 
mac  hi ning 


Raw  material 

5.5 

2.75 

a. 25 

Bought  out  items 

4.5 

4.5 

4.5 

Labour  -  M/C 

?o.o 

70.0 

63.0 

-  Assembly/ Test 

20.0 

20.0 

20.0 

100.0 

97.25 

95.75 

SAVING 

= 

2. 75°o 

■'l.  25% 

TABLE  2  : 

SAVING 

niltOUGH  IMBR0VED  MATERIAL 

The  contribution  which  changes  to  processing  can  make  must  also  bo  considered. 

A  simpler  process  which,  because  of  t  lie  method  of  cost  estimating  may  not  show  a  direct 
influence  on  manufacturing  costs,  may  well  result  in  reduced  overheads  by  requiring  a 
lower  input  of  energy  or  processing  materials  or  by  giving  rise  to  less  scrap  or  need 
to  rework.  A  process  which  requires  less  time  for  associated  operations  will  directly 
influence  manufacturing  costs.  For  example,  heat  treatment  in  a  vacuum  will  remove  the 
need  to  perform  any  post  heat  treatment  cleaning  operation  and  also,  in  many  instances, 
the  need  to  grind  after  hardening.  In  the  latter  case  there  is  the  double  benefit  of 
the  removal  of  the  time  required  for  grinding  and  the  reduction  in  scrap  arising  from 
faulty  grinding. 

VALUE  ENGINEERING 

The  principles  and  methods  of  value  engineering  arc  now  well  established  and  widely  used 
so  will  not  be  repeated  here  but  the  Company’s  philosophy  and  attitude  to  the  particular 
circumstances  of  its  product  will  be  discussed. 

Various  definitions  of  value  engineering  and  value  analysis  will  be  found  in  the 
technical  Literature,  some  suggesting  little  or  no  distinction  between  the  two. 

However,  while  using  the  term  value  engineering  to  cover  all  aspects  in  a  general 
mariner,  it  is  logical  for  our  purpose  to  recognise  two  distinct  but  closely  related 
activities  : 

VALUE  ENGINEERING  is  an  organised  effort  to  provide  the  necessary  functions  in  a  new 
product  at  the  lowest  total  cost  measured  over  the  life  cycle  of  the  product. 

VALUE  ANALYSIS  is  an  analytical  technique  designed  to  examine  all  the  elements  of  cost 
arid  function  of  an  existing  product  in  order  to  determine  whether  or  not  any  item  of 
tost  can  be  reduced  or  eliminated  whilst  retaining  all  functional  and  quality  requiro- 
-ments . 

As  defined  here  the  first  of  these  two  techniques,  value  engineering,  is  by  far  the 
most  important  in  the  aircraft  industry  because  of  the  very  high  cost  of  re-approval 
and  administration  when  design  changes  are  introduced  into  an  existing,  proven  product. 
Value  analysis,  however,  can  be  applied  as  a  continuing  procedure  throughout  tin* 
production  life  of  a  product  and  will  benefit  both  from  the  manufacturing  and  operating 
experience  gained.  Tt  can  be  particularly  rewarding  in  revealing  excess  costs  generated 
by  high  scrap  rates  or  from  rework  necessary  to  correct  non-conforming  parts. 

The  role  of  value  engineering  in  the  product  cycle  is  shown  in  Fig  h .  In  order  to  make 
its  greatest  impact  on  costs  it  must  be  given  serious  cons lderat  1  on  as  early  as  possible 
certainly  at  the  definition  stage.  However,  because  many  of  the  members  of  a  value 
engineering  team  do  not  have  the  designers  facility  to  visualise  a  complex  technical 
concept  in  terms  of  actual  hardware,  true  value  engineering  really  begins  at  the  design 
scheme  when  the  first  drawings  of  the  proposed  system  become  available  and  a  preliminary 
selection  of  materials  has  been  made.  It  is  therefore  imperative*  that  the*  designer 
responsible  for  these  drawings  should  have  a  good  knowledge  of  the*  principles  of  value 
engineering  otherwise  the  value  engineering  team  may  fine!  itself  offering  a  fundamental 
-ly  poor  design  for  the  lowest  cost.  The  simple  rules  taken  from  a  Company  standard  on 
value  engineering  and  given  here  in  Appendix  I  draw  the  designer's  attention  to  these 
principles. 


FIG  '»  -  THE  HOLE  OF  VALUE  ENGINEERING  IN  THE  PRODUCT  CYCLE 

Feed-back  to  design  occurs  at  many  stages  in  the  cycle  as  a  result  of  development, 
manufacturing  problems  and  ultimately  through  the  need  to  incorporate  modifications 
arising  from  service  experience.  Each  time  this  occurs  the  affected  parts  should  be 
re -assessed  to  optimise  costs. 

MANUFACTURING  LEAD  TIME 

Although  not  a  primary  consideration  of  value  engineering,  manufacturing  lead  time  is  a 
most  important  factor.  In  the  typical  short  batch  production  of  aircraft  accessories  a 
large  proportion  of  the  lead  time  required  for  manufacturing  consists  of  queueing  time 
between  different  machine  tools  or  processes,  rather  than  the  actual  time  taken  to 
perform  the  operations  themselves.  A  part  requiring  many  operations  to  be  performed 
on  one  machine  tool  may  well  have  a  shorter  lead  time  than  another  which  requires  a 
smaller  total  number  of  operations  to  be  carried  out  on  several  different  machines. 

Thus,  if  by  judicious  design  the  number  of  different  types  of  machining  or  other 
processes  can  he  reduced  the  lead  time  wil  l  also  he*  reduced  because  of  the  sma I  lor 
number  of  work  movements.  This  will  not  always  appear  as  a  visible  effect  on  costs 
but  can  be  taken  as  an  additional  bonus.  For  instate ce,  hardening  a  case-hardened  part 
•ill  over  instead  of  selectively  hardening,  via  copper  plating,  will  save  the  time  for 
two  trips  t o  the  plating  shop  (plating  and  de-plating)  and  lor  machining  copper  from 
those  areas  required  to  he  hard  or  alternatively  masking  them  before  plating. 

THE  VA1TE  ENGINEERING  TEAM 

Formal  value  engineering  is  carried  out  by  a  small  team  ol  experts  co-ordinated  by  a 
specialist  value  engineer.  The  members  are  drawn  (Torn  the  specialist  departments  which 
the  diligent  project  designer  will  in  fact  have*  consulted  during  his  initial  design 
process.  Ihe  team  approach  merely  recognises  the*  benefit  oi  gathering  these  people 
together,  so  that,  by  the  tree  interchange  of  ideas  and  viewpoints  the*  most  cost 
effective  design  can  emerge.  because  of  the  labour  intensive  character  of  fuel  controls 
this  implies  flit*  smallest  number  of  component  parts  produced  b\  the  least  amount  ol 
I  a  hour . 

Ihe  constitution  of  our  basic  value  engineering  team  is  shown  in  Fig  r> .  I  Vo  points  arc* 
considered  to  he  <if  particular  importance*. 

Firstly,  the  participants  must  he-  widely  expei  i  one  ed  and  of  a  sufficiently  high  level 
of  seniority  1 1  >  ensure  that  decisions  made  within  their  pa  rl  milnr  functions  will  tie* 
uphe 1 d . 

secondly,  with  the  except  ion  «>l  the  value*  e*ngine*er,  the  t  e*am  members  are  dedicate*d  to 
t  fie  project  under  review.  Ihe  use*  e>f  o  project  eledicnted  team  ensures  the  swiftest 
implementation  of  value  engineering  recommendations  and  avoids  the*  rivnlrv  which  can 
often  develop  with  a  team  operating  from  within  n  separate  value  engineering  department 


VALUE  ENGINEER 
PROJECT  DESIGNER 


Chairman  Secretary 
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PROJECT  DEVELOPMENT  ENGINEER 
SENIOR  PRODUCTION  ENGINEER 
SENIOR  COST  ESTIMATOR 

IMPORTANT  -  Level  of  Seniority 

-  Dedication  to  the  Product  Under  Review 

-  Other  Specialists  Co  opted  as 
Required 


F J  (»  5  -  TIIE  MANIC  VAM;E  KNGJ  NEEH1  NG  TEAM 

It  is  also  possible  to  set  up  a  team  under  a  suitably  trained  chairman  who  is  only 
temporarily  seconded  to  the  value  engineering  function  lor  the  duration  of  a  particular 
exercise.  While  it  is  not  essential  for  such  a  person  to  he  a  practising  engineer  he 
clearly  must  be  well  orientated  towards  engineering  as  is,  lor  instance,  a  metallurgist. 
The  co-option  of  people  to  act  as  team  leaders  from  a  wide  variety  of  functions  has  the 
benefit  of  spreading  the  concept  and  acceptance  of  value*  engineering  more  widely 
throughout  the  organisation. 

In  terms  of  the  optimum  use  of  available  manpower  so  as  to  achieve  the  maximum  results 
in  the  shortest  time  it  is  out  experience  that  a  small  dedicated  team  offers  significant 
advantages  over  a  larger,  wider  ranging  team.  From  time  to  time  however',  but  only  to 
solve  specific  problems,  the  basic  team  is  re-inforced  by  the  co-option  of  relevant 
specialists  from  other  functions  such  as  Buying,  Quality,  Service  Engineering,  Materials 
Fng 1 neer i ng , e  t  c . 

PI  AN  XING 


The  time  available  for  a  value  engineering  exercise  on  a  new  product  is  frequently  very 
restricted  because  of  t  fie  demands  imposed  in  rapidly  arriving  at  a  potentially  success- 
-ful  design  to  meet  the  technical  specification  which  can  be  offered  to  the  engine  maker 
at  a  competitive  price.  For  this  reason  the  exercise  may  be  completed  in  two  stages, 
t  irst  ly  before  t  fie  sales  bid  is  made  in  order  to  remove*  any  serious  cost  anomalies  and 
secondly  when  the  successful  design  scheme  is  detailed  for  production. 

Careful  planning  of  the  exercise  is  therefore  very  important  and  follows  this  general 
pattern  for  a  complete  system. 

I  Presentation  of  targets  set  bv  t  fie  management  for  : 

Manufacturing  Cost 

Market  Potential  -  units  per  year 
-  total  un i t  s 

Completion  date  lor  value  engineering 

li  Brief  introduct  ion  bv  the  project  designer  on  t  fie  purpose  and  mode  ol  operat  ion 

of  t  fie  equipment. 

]  Brief  general  impressions  of  the  team  on  t  fie  design  as  it  stands,  highlighting 

potential  problem  areas. 

;l  Divide  t  fie  control  into  functions  - 

e  g.  Pump,  spill  valve,  metering  valve,  etc,  etc. 

Nub-divide  each  of  these  major  items  into  appropriate  sub- 1  tint  t  l on s . 

3  Indicate  which  func t i ons/sub- f unc t i ons/c omponen t s  might  have  wider  application 

to  other  engines  or  systems. 


I 
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h  Indicate  which  components  are  likely  to  require  major  development. 

7  Establish  order  of  priority  lor  detailed  value  engineering  analysis. 

8  Analyse  the  equipment  function  by  function  - 

a)  Appraisal  of  method  of  achieving  the  {unction 

b)  Appraisal  of  each  component 

9  Across  the  board  reviews  at  appropriate  times  with  specialists  on  relevant 
topics,  such  as  sealing,  bearings,  standardisation,  servicing  and  maintenance, 
et c  . 

PRESENTATION  OF  COST  DATA 

It  is  vitally  important  for  the  team  to  be  fully  aware  of  the  lac  tors  contributing  to 
costs,  of  their  magnitude  and  their  relative  importance.  It  is  only  in  this  way  that 
best  use  can  be  made  of  the  available  time  by  attacking  the  principal  cost  drivers. 
Graphical  presentations  derived  irom  primary  cost  data  supplied  by  the  Cost  Estimating 
Department  have  been  found  to  be  of  great  value  in  providing  a  focus  for  the  endeavours 
of  the  team.  Examples  of  typical  graphical  presentations  which  have  been  used  in  a 
recent  value  analysis  exercise  on  a  solenoid  valve  which  has  identified  potential 
savings  of  the  order  of  are  shown  in  Figures  6  to  8. 

Fig  6  s how s  the  basic  cost  structure  for  the  solenoid  valve.  This  is  similar  to  the 
typical  example  already  given  (Fig  3)  in  that  labour  for  machining  operations  is  the 
main  cost  driver.  At  9°o  the  cost  of  bought-out  items  is  somewhat  higher  because  of  a 
requirement  in  the  customer's  specification  to  fit  a  particular  electrical  connector 
which  alone  accounts  for  7%  of  the  total  cost  of  the  unit. 

The  solenoid  valve  has  four  primary  assemblies,  the  functions  of  which  are  : 

PRIMARY  ASS EMPTY  FUNCTION 

Valve  Permits/stops  fuel  flow 

Solenoid  Operates  the  valve 

Electrical  connection  Activates  the  solenoid 

Heat  Shield  Protects  the  assembly 

The  value  of  the  individual  assemblies  in  relation  to  their  cost  can  be  assessed  by 
reference  to  the  presentation  which  is  shown  in  Fig  7  which  also  serves  to  highlight 
unacceptably  costly  sub-assemblies  such  as  the  orifice  assembly,  the  anvil  and  the  coil 
tube  assembly. 


Fit.  6  -  COST  STRUCT!  RE  OF  A  TYPJCAI.  .SOTE.N'D  I  p  WAIVE 
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Kir.  7  -  ui sposi  I  ion  ok  rcsrs  in  a  typical  solenoid  valve 
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Fir.  8  -  S0LKN01D  VALVE!  -  ANALYSIS  OF  LA  HOUR 

Having  established  that  labour  for  manufacturing  is  the  most  important  cost  driver  it  is 
necessary  to  carry  out  an  item  by  item  analysis,  concentrating  effort  on  those  of  highest 
labour  content.  The  bar  chart  shown  in  Fig  8  clearly  indicates  that  most  of  t  lie  labour 
is  expended  on  a  small  number  of  the  items.  In  this  example  2 Vo  of  the  components 
account  for  65%  of  the  labour.  Particular  attention  must  also  be  paid  to  those  items 
(marked  by  asterisk)  which  are  common  to  other  assemblies.  These  are  capable  of  yielding 
additional  benefits  provided  that  the  suggested  changes  are  acceptable  in  all  cases.  11 
the  modifications  cannot  be  universally  adopted  careful  consideration  must  he  given  to 
the  possible  penalties  resulting  from  more  than  one  standard  having  to  hi*  used. 


RELATIONSHIP  OK  FIRST  COST  AND  LIFE  CYCLE  COST 


In  any  value  engineering  exercise  attention  must  be  paid  both  to  First  cost  and  to  the 
probable  life  cycle  cost.  First  cost  can  be  calculated  with  reasonable  accuracy  but 
life  cycle  cost  is  much  more  difficult  to  estimate. 

In  many  cases  features  which  are  introduced  into  a  design  to  improve  reliability  or  to 
give  longer  life  are  reflected  in  an  inherently  higher  first  cost  which  to  be  justified 
must  be  outweighed  by  the  benefits  offered.  For  instance,  in  the  development  of  their 
piston  type  fuel  pumps  to  withstand  fuels  of  low  lubricity  and  doubtful  quality,  Lucas 
Aerospace  can  now  offer  fuel  pumps  which  will  last  for  many  thousands  of  hours  under 
these  adverse  conditions  which  might  induce  failure  in  a  standard  pump  in  a  relatively 
short  time.  Because  of  the  extensive  use  of  metallised  carbon,  tungsten  carbide  and 
advanced  polymers  in  their  bearings  the  construction  of  the  long  life  pumps  is  much  more 
complex  thereby  demanding  a  high  cost  premium  as  compared  to  the  standard  pump.  Whether 
this  additional  cost  is  worthwhile  in  a  particular  instance  must  be  judged  on  the 
service  conditions  which  are  likely  to  be  met. 

In  the  course  of  value  engineering  features  may  be  revealed  which  are  considered  to 
present  reliability  or  fifing  problems  within  the  requirements  of  the  technical 
specification.  Alternative  solutions  will  be  offered  lor  these  features  even  if  they 
lead  to  some  increase  in  first  cost. 

Fortunately,  not  all  items  which  reduce  life  cycle  costs  adversely  affect  first  cost. 

For  instance,  the  wider  application  of  standard  parts  in  a  design  will  not  only  lower- 
first  cost  but  will  also  give  reduced  overall  costs  together  with  improved  spares 
availability.  In  the  case  of  locking  washers  which  are  used  to  secure  ring  nuts  we 
have  introduced  a  design  which  is  not  only  lower*  in  first  cost  but  also  reduces  overhaul 
and  repair  costs  by  avoiding  an  expensive  throw-away  item.  The  two  designs  are  shown  in 
Fig  9*  The  improved  version  is  a  two  piece  construction  which  separates  the  thin  cup 
which  is  deformed  into  the  ring  nut  slots  from  the  thicker  base  and  anti-rotation  dog. 
The  original  one  piece  design  in  soft  austenitic  stainless  steel  had  of  necessity  to  he 
machined  from  solid  to  provide  adequate  strength  in  the  dog,  whereas  in  the  improved 
design  both  pieces  are  simple  pressings.  Only  one  of  these,  the  cup,  is  replaced  on 
overhaul . 
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A.  One  Piece  Cupwasher 
Machined  from  Austenitic 
Stainless  Steel  Bar 


B.  Two  Piece  Cupwasher 
Pressed  from  Strip 


MATERIAL  Precipitation  Hardened 
Stainless  Steel 


MATERIAL  Austenitic  Stainless  Steel 
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RESULTS  ACHIEVED 


The  savings  which  can  he  realised  by  the  value  engineering  of  a  new  product  or  value 
analysis  of  an  existing  product  clearly  depend  upon  the  cost  efficiency  of  the  original 
design. 

It  is  our  experience  that  potent  in]  unit  savings  of  the  order  of  12()°o  can  he  expected 
from  value  engineering  at  the  design  scheme  stage.  F.von  greater  hem*  fits  can  somet  imes 
be  achieved  by  radical  changes  n<  the  def init ion  stage.  These  rewards  are  large*  and 
cost  little  more  than  the  time  and  effort  expended  by  the  value  engineering  team  and 
other  co-opted  specialists. 


:  7-i> 


For  example,  in  a  recently  completed  exercise  on  an  advanced  control  an  estimated 
potential  unit  saving  of  £2680  or  1 9*'o  was  gained  for  a  total  expenditure  of  1286  man 
hours.  The  progress  of  this  project  is  shown  in  Fig  10.  In  this  particular  instance 
approximately  50%  of  the  components  unique  to  the  control  were  amended  or  deleted  to 
produce  the  savings. 


ITEMS 


FIG  10  -  VALUE  ENGINEERING  OF  A  TYPICAL  FUEL  CONTROL 

No  changes  were  made  to  standard  items  and,  to  avoid  adverse  interactions,  no  components 
which  were  common  to  other  equipment  already  in  production  were  altered.  The  improve- 
-merit  with  time  of  the  performance  of  the  team  which  is  a  normal  feature  of  such 
operations  can  be  seen  clearly  in  this  example.  Another  point  which  should  be  noted 
is  the  ro-est abl i shment  of  a  realistic  completion  target  when,  after  about  16  meetings, 
it  became  evident  that  the  initial  arbitrary  target  would  not  be  attainable. 

because  of  the  need  to  maintain  interchangeability  so  as  to  avoid  service  problems  the 
rewards  which  can  be  achieved  by  value  analysis  of  an  existing  design  which  is  establish- 
-ed  in  production  are  not  so  great,  unit  savings  of  8  -  1 0°6  being  typical  in  our 
experience.  Also,  to  arrive  at  a  final  assessment  of  the  real  value  of  an  apparently 
attractive  modification  it  is  important  to  take  into  account  the  cost  of  implementing 
the  change.  All  contributory  factors  must  be  quantified  including  engineering  costs 
associated  with  re-proving  the  parts,  tooling  costs  and  administration  costs,  not 
forgetting  the  important  area  of  service  engineering.  It  must  also  be  remembered  that 
costs  might  be  incurred  not  only  by  the  supplier  but  also  by  the  customer  and  the 
opera  tor. 

CONCLUSIONS 

Value  Engineering  using  small  project  dedicated  teams  has  been  applied  profitably  to  the 
design  of  hydromechanical  controls  for  aircraft  engines. 

Greater  savings  can  be  realised  at  the  initial  design  scheme  stage  than  are  possible  by 
value  analysis  after  it  has  entered  production. 
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APPENDIX  1 


RULES  FOR  COST  EFFECTIVE  DESIGN 


Number  of  components 
Number  of  machining  operations 
Number  of  untried  design  solutions 
Number  of  non-standard  items 


Difficult  materials 
Difficult  machining  operations 
Difficult  processes 
Costly  throw-away  items 


Tolerances 

Fits 

Surface  finishes 


Assemb 1 y 
Test ing 


Do  not  forget  that  these  "rules"  are  generalisations 
and  their  effects  will  interact.  Therefore  an  overall 
view  must  be  maintained  at  all  times  so  as  to  ensure 
that  each  necessary  function  is  provided  at  lowest  cost, 


N  0  1  E  S 


Most  of  the  "rules"  given  above  are  fairly  self-explanatory  but  for  clarity  some  art 
enlarged  upon  below  : 

FACTORS  AFFECTED  HY  THE  NUMBER  OF  COMPONENTS  IN  THE  PRODUCT 

Des i gn 
Detailing 
Machining  content 
Shop  floor  handling 
Too 1 ing 
Assembl y 
I nventory 

HI-'  1  :  It  may  be  preferable  to  separate  a  part  of  a  complex  component  which  will  be 

subject  to  deterioration  in  service  and  so  avoid  a  costly  throw-away  item. 

POTENTIAL  PROBLEMS  ARISING  FROM  UNTRIED  DESIGN  SOLUTIONS 

Might  not  work 

Need  for  proving 

N  e  e  d  for  d  e  v  e  l  o  pm  e  n  t 

Need  for  modification 

Need  to  convince  the  customer 

1H;  1  :  Too  rigid  adherence  to  the  principle  should  not  be  allowed  to  stifle  good 
c  rea  t i ve  des i gn . 
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BENEFITS  ok  using  standard  items 

(a)  Standard  parts  : 

Redutod  design  and  detailing  costs 

Great  t»r  technical  background 

No  development  costs 

No  proving  costs 

Lower  inventory  costs 

Shorter  lead  time 

II  a  national  standard  -  no  in-house  manuTac t wring  costs 
If  a  company  standard  -  reduced  tooling  costs 

-  economy  ol‘  quantity 

(b)  Standard  materials  : 

Greater  technical  background 
No  development  costs 
Ease  of  supply 
Shorter  lead  time 

FACTORS  AFFECTING  1)  1  FF 1  Cl1  l.TY  OF  MATERIALS 

Availability  -  only  one  supplier 
overseas  sourcing 

Problems  at  suppl iers  -  Cast  ability 

Formabi 1 i t y 
Qua  1 i t  y 

Manufacturing  properties  e  g  :  Machining 

Form i ng 
Jo i n i ng 
1*1  at  i  ng 
Heat  Treatment 

Engineering  proper t ies 
Qua  l  i t  y 
Re  1 iabi 1 i t  y 
Cost 

DIFFICULTY  OF  MACHINING  OPERATIONS 

Unnecessarily  complicated  machining  operations  should  be  avoided.  The  following  are 
particularly  undesirable  : 

Holes  drilled  at  an  angle  to  the  surface 

Deep  holes  intersecting  at  acute  angles  which  give  rise  to  debarring  problem* 
Internal  undercuts 

Flat  bottomed  holes  where  a  drill  point  would  suffice 

External  protrusions  on  otherwise  circular  machined  surfaces,  e  g.ant i-rotal ion 
dogs  on  flanges. 

The  following  typical  machining  processes  are  listed  in  order  of  increasing  difficulty. 

Least  difficult  :  l  Grinding 

2  Sawing 

3  Single  point  turning. 

Planing  and  shaping 

5  Shallow  drilling 

b  Milling 

7  High  speed,  light  1'ced  screw  machining 

8  Screw  machining  with  form  tools 

9  Boring 

10  Deep  dri 1 1 ing 

11  Generation  of  gear  teeth 

12  Tapping 

13  External  broaching 

Most  difficult  :  1 4  Internal  broaching 

FACTORS  AFFECTING  DIFFICULTY  OF  PROCESSES 

Availability  -  can  it  be  done  in-house  7 

if  outside,  is  there  more  than  one  supplier  7 
Ease  of  application 
Operator  skill 
Env  ironmento  l  /Ilea  1  t  h/Sn  fc  t  y 
Qua  1  i  t  y 
Re l iabi l it  y 
Cost 
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